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BASALTIC VOLCANISM AND ANCIENT PLANETARY CRUSTS

The purpose of this project is to decipher the origin of rocks which form the ancient
lunar crust. Our goal is to better understand the how the moon evolved chemically and,
more generally, the processes involved in the chemical fractionation of terrestrial
planetoids. This research has implications for other planetary bodies besides the
Moon, especially smaller planetoids which evolved early in the history of the solar
system and are now thermally stable.

The three main areas focused on in our work (lunar mare basalts, KREEP basalts, and
plutonic rocks of the lunar highlands) provide complementary information on the lunar
interior and the processes that formed it. Mare basalts are important because they form
by melting of the lunar mantle and thus provide information on its chemical and
mineralogical constitution. In order to obtain this information, however, we must be
able to see through any low pressure fractionation that has affected these rocks and
back to the original parent magma composition. This means that the effects of
fractional crystallization and assimilation must be determined and accounted for.
KREEP basalts are important because they appear to represent the final product of
magma ocean crystallization (Warren and Wasson, 1979) and because they constitute
a ubiquitous mixing component in many (if not most) lunar rocks. Highland plutonic
rocks are important because they tell us about flotation cumulates of the magma ocean
and about subsequent crust-forming magmatic events that preceded mare basalt
genesis.

My work has focused to a large extent on the western lunar areas because it is in these
areas that the most interesting petrologic and chemical variations are observed. As
part of this project, I have studied mare basalts and KREEP basalts from the Apollo 15
site, and mare basalts and highland rocks from the Apollo 14 site. In the following
sections I summarize our work in these areas, and present whole rock geochemical
data generated during this project. Abundant mineral chemical data have also been
produced, but are not presented in this report.

Petrogenesis of Mare Basalts

Despite the fact that mare basalts comprise less than 1% of the lunar crust, they
constitute our primary source of information on the moon's upper mantle.
Compositional variations between mare basalt suites reflect variations in the
mineralogical and geochemical make-up of the lunar mantle that formed during the
earliest stages of lunar differentiation. Mare basalt model ages show that their source
region underwent a major fractionation early in the moon's history (4.5-4.4 b.y.), coeval
with the formation of the lunar highlands crust.

The mare basalt source region has geochemical characteristics that are
complementary to the highlands crust, and it is generally thought to comprise mafic
cumulates from the magma ocean (e.g., Taylor and Jakes, 1977; Taylor, 1982). The
progressive enrichment of mare basalts in Fe/Mg, alkalis, and incompatible trace
elements in the sequence very Iow-Ti basalt --> Iow-Ti basalt --> high-Ti basalt is
explained by the remelting of cumulates formed at progressively shallower depths in
the evolving magma ocean (Taylor and Jakes, 1977; Taylor, 1982; BSVP, 1981). This
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model is also consistent with the observed decrease in compatible element
concentrations and the progressive increase in negative Eu anomalies.

Recent models of mare basalt petrogenesis have stressed two dominant themes: (1)
the assimilation of crustal components, e.g., KREEP or granite (Binder, 1985; Shervais
et al, 1985a, 1985b; Shih et al, 1984, 1986; Dickinson et al, 1985; Neal et al, 1987,
1988), and (2) melting of complex, hybrid source regions (Hughes et al, 1988).
Assimilation of granite by at least one Apollo 14 mare basalt has been well established
(Shervais et al, 1985b; Shih et al, 1984, 1986; Neal et al, 1988a). Assimilation of
KREEP by mare basalts has also been well established at the Apollo 14 site
(Dickinson et al, 1985; Shervais et al, 1985a; Neal et al, 1987, 1988b). Binder (1985)
suggests that all mare basalts have undergone modification by a KREEPy component,
but no specific studies have been made of individual basalt suites except at the Apollo
14 site.

Apollo 15 Mare basalts: Twenty-five clasts of mare basalt from lunar breccia 15498
were analyzed to determine (a) the compositional range of mare basalt suites at the
Apollo 15 site and (b) if mare basalt types not found among previously analyzed large
samples exist at this site. All samples were studied petrographically and representative
suites of minerals analyzed by EMP; whole rock major and trace element compositions
were determined by fused bead EMP analysis and by INAA (Shervais et al., 1988,
1990; Vetter et al., 1988). Our data show that the Apollo 15 QNB suite extends to more
evolved compositions than previously recognized, and that the ONB suite contains
some high-SiO 2 members which are probably parental to the QNB group (Vetter et al.,

1988). No exotic mare basalt types were found, in contrast to the Apollo 14 site, where
a wide range of distinct mare basalt types exist only as clasts in breccia (e.g., Shervais
et al., 1985a).

Our data show that assimilation of KREEP at low pressures is not important at the
Apollo 15 site (Vetter and Shervais, 1989). KREEP assimilation models which
succeed at the Apollo 14 site will not work at Apollo 15 because the A-15 basalts have
LREE/MREE slopes < 1. The Apollo 15 basalts also have low overall concentrations of
incompatible elements which differ little between the two main suites present -- the
ONB suite and the QNB suite. These suites differ mainly in their major element
chemistry (unlike the Apollo 14 basalts, which have nearly identical major element
compositions but a wide range in trace element concentrations). We have tried a
variety of KREEP assimilation models for Apollo 15 basalts and none have proved
satisfactory.

We have proposed that major and trace element chemical variations in the Apollo 15
mare basalt suites are consistent with a dynamic melting model (Vetter and Shervais,
1989). In this model, an earlier melting event depletes the basalt source region in
incompatible elements, but this depletion is incomplete because a small fraction of the
melt produced (typically 10% to 20%) is retained in the refractory residue (most likely
as dikes and veins). Later melting events tap this combined source region (refractory
phases plus trapped melt). Our preliminary results indicate that dynamic melting is
capable of reproducing the peculiar hump-shaped pattern of the Apollo 15 mare
basalts without recourse to KREEP assimilation (Vetter and Shervais, 1989). We have
written a computer model to investigate dynamic melting which includes nine trace
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elements (5 REE, Ba, Th, Sc, Ti) which range from very incompatible to compatible.
The computer model also calculates the trace element composition of magma ocean
cumulates in equilibrium with the liquid (the phases and proportions must be input)
and factors in any specified amount of trapped liquid requested. The dynamic melting
model appears to be capable of generating the ONB and QNB trace element patterns
with a range of assumed mantle compositions, from pyroxene-rich to olivine-rich
(Vetter and Shervais, 1989).

We have also modeled major element compositions using the MAGPOX and MAGFOX
programs of John Longhi. These calculations are not as robust as the trace element
models because melting relations are not well constrained at high pressures and
because the mineralogic compositions of magma ocean cumulates are not well
known. Nonetheless, our calculations show that the major element compositions of
primitive olivine normative and quartz normative basalts can be reproduced
approximately by successive melting events in the same ultramafic source region.
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Table 1. Whole rock major and trace element analyses of Apollo 15 mare basalt clasts
from lunar breccia 15498. Major elements by fused bead electron microprobe analysis
(EMPA), trace elements by instrumental neutron activation analysis (INAA). nd = not
detected, na = not analyzed.

B-1
SiO2 48,8
TiO2 1.82
A1203 9.64
FeO 18.75
MnO 0.22

MgO 9.27
Q_ 10,58
Na20 0,24
K20 0,04
P205 0,06
Cr203 0.51
Sum 99.93

B-2
47.89

2 35
914

20 19
0 24
9 25

10 34
0 23
0 04
0 05
0 48

100.2

B-40 B-20 B-6
47,62 48.03 47.52

1.95 1.95 2.14
9.66 9.68 9.82

19.76 19.06 19.98
0.3 0.25 0.3

9,48 9.09 9.42
10,27 10.44 10.26

0.26 0.23 0.25
0.04 0.04 0.05
0.06 0.06 0,06
0.55 0.6 0.56

99.95 99,43 100,36

B-24
48 06

217
10 67
18 96

O23
812

10 78
0 37

0 04
0 08
0 54

100 02

B-43 B -5 B-3
47,86 47,74 48.09

2 2.14 1.93
10,07 10.27 10.37

19.09 19,43 18,96
0.26 0.26 0.24
8.43 8.04 8,56

10.82 11.01 10,68
0.26 0.24 0.25
0.04 0.02 0,04
0.06 0.09 0.05
0.59 0.47 0.58

99.48 99,71 99,75

Na20 0.223 0.222 0.244 0.236 0.243 0.237 0.246 0.255 0,254
F-eO 19.12 20.04 19.55 18.58 9.2 19.15 19.06 18.63 18.84
Sc 48.3 46.7 42.7 41.3 41.3 43.8 43.3 44.2 43.3
Cr 3100 3100 3500 3500 3400 3500 3700 3200 3600
£b 37 47.5 42 39.2 40.6 40,8 39.6 39.3 40
Rb 2 0 nd 2 0 nd nd nd 9 nd nd
Sr 180 150 120 nd nd nd 130 150 110
Cs nd nd nd nd 0.24 nd nd nd nd
Ba 89 90 90 90 90 90 130 100 90
La 4.93 4.41 5.68 5.63 5.85 5.7 5.48 5.43 5.02
Oa 4.1 12,1 17,1 16.4 8 17,2 1 6 15.5 1 4
Nd 16 16 13 11 16 16 19 19 20
Srn 3.15 3.14 3.54 3.39 3,67 3,57 3.51 3.43 3.27
Eu 0,68 0.723 0.784 0.739 0.77 0.777 0.764 0.77 0.715
Tb 0.78 0.76 0,82 0.84 0,83 0.83 0.83 0.82 0.77
Yb 2.32 2,17 2,61 2.53 2,59 2.62 2.56 2.54 2,38
Lu 0.34 0,317 0.36 0.352 0.382 0.376 0.37 0.37 0,344
Zr 130 160 150 170 165 120 100 110 140
Hf 2.2 2.33 2.54 2,37 2.67 2,41 2.54 2,45 2.33
Ta 0.36 0.36 0.41 0.34 0,39 0.35 0.36 0.38 0.32
Th 0.58 0.43 0.67 0.6 0,67 0.65 0.64 0.65 0.65





Table 1. Whole rock major and trace element analyses of Apollo 15 mare basalt clasts
from lunar breccia 15498 (continued).

B-14 B-11 B-23 B-44 B-22 B-45 B-12 B-42
SiO2 47.67 46.82 46.59 47.18 47.49 46.88 43.07 44,44
TiO2 1.59 2.06 2.17 2.22 2.48 2.63 0,53 1.5
AI203 10,2 10.35 11.62 11.03 13 12.71 4.42 7.76
FeO 18.99 20.27 20.55 20 19.67 21 19.67 20.77
MnO 0.28 0.26 0,22 0.26 0.22 0.26 0.26 0.22
lVld3 8.56 7.92 5.95 6.98 4.61 4.92 24.1 16.41
Q_ 11.32 10.88 11.8 11.24 11.52 11.56 6.84 7.84
Na20 0.27 0.26 0.37 0.26 0.31 0.27 0.1 0.18
K20 0.05 0.04 0.03 0.05 0.04 0.05 0.01 0.03
P205 0.05 0.06 0.03 0.06 0.1 0.06 0.06 0.07
Cr203 0.36 0.39 0.25 0.33 0.16 0.16 0.98 0.95
Sum 99.34 99.31 99.58 99.61 99.6 100.5 100.04 100.17

Na20 na 0.254 na 0.256 0,309 0,311 0.077 0,178
FeO na 18.73 na 19.29 19.89 19.79 18,19 20.5
Sc na 41.6 na 43.8 39.3 37.1 27.2 31.4
Cr na 2700 na 2300 1100 1100 6500 4600
Go na 37.9 na 36.7 36.9 37.6 85.2 65.4
Rb na nd na nd nd nd 2 7 nd
Sr na 150 na 140 150 nd nd nd
Os na nd na nd 0.21 nd nd nd
Ba na 60 na 100 87 100 75 160
La na 5.74 na 6.15 7.39 7.67 2,11 3,99
(3e na 16.6 na 18.5 21.1 22.5 7.9 12,2
Nd na 14 na 13 17 22 11 1 1
Srn na 3.54 na 3.55 4.55 4.77 1.25 2.49
Eu na 0,803 na 0,839 0.98 1,001 0.211 0.544
Tb na 0.82 na 0.85 0.99 1.11 0.28 0.6
Yb na 2.59 na 2.86 3.08 3.29 0.91 1.75
Lu na 0.384 na 0.41 0.47 0.48 0.15 0.266
Zr na 110 na 100 100 200 nd 120
Hf na 2.5 na 2.71 3.09 3.36 0.86 1.73
Ta na 0.32 na 0.4 0.45 0.47 0.2 0.26
Th na 0.66 na 0.74 0.87 1.01 nd 0.35
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Table 1. Whole rock major and trace element analyses of Apollo 15
from lunar breccia 15498 (continued).

B-27 B-9 B-4 B-26

SiO2 44.71 45.14 44.54 45.83
TiO2 1.49 2.25 2.46 2.28
AI203 8.13 9.37 7.75 8.7
FeO 20.83 20.13 23.44 21.57

MnO 0.24 0,24 0.26 0.28

MgO 13.63 9.31 11.65 7.87
Q_ 8.92 10.67 9.2 11.47
Na20 0.2 0.25 0.2 0.24
K20 0.03 0.03 0,03 0.04
P205 0.04 0,08 0.03 0.05
Cr203 0,91 0.56 0.71 0.32
Sum 99,13 98.03 100.27 98.65

B-29
45.19

2.47
7.96

23.26
0.3

9.49
9 93
O26
0 O3
0 O5

0 54
99 48

mare basalt clasts

B-41 B-25 B-10
46,98 47.7 47.39

1,65 1.9 1.73
8,25 8,35 9.01

19.71 19,75 20.19

0.26 0.22 0.28
12.74 11,83 9.73

8,91 9,15 10.3
0.21 0.19 0.23
0.03 0.03 0.03
0.04 0.06 0.05

0,9 0.77 0.54
99.68 99.95 99.48

Na20 na 0.239 0,238 na
FeO na 18.3 22.84 na
Sc na 42,3 37.8 na
Cr na 3600 4200 na
(33 na 40.3 58.9 na
Rb na nd nd na
S r na 130 nd na
Qs na nd nd na

Ba na 110 8 0 na
La na 5.3 4.63 na
Q_ na 15.5 13.7 na
Nd na 1 3 nd na
Sm na 3.29 3.43 na
Eu na 0,705 0.828 na
Tb na 0.76 0.78 na
Yb na 2.41 2.04 na
Lu na 0.358 0.292 na
Zr na 120 220 na
Hf na 236 2.49 na
Ta na 0.37 0.37 na
Th na 0.59 0.42 na

na 0.184 0,201
na 19.19 20.05
na 38.6 41.7
na 6200 5000

na 5 5 53.3
na nd 3 5
na 1 20 nd
na nd nd

na 78 90
na 4,34 4.62
na 11.5 14.4
na 1 5 7
na 2.67 2.94
na 0.54 0,609
na 0.63 0.69
na 1.98 2.24
na 0.286 0.332
na 1 10 160
na 1.96 2,04
na 0.3 0.36
na 0.47 0,47

na

na

na

na

rla

na

na

na

138

na

na

na

na

rla

na

na

rla

na

Ra

na

na
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Sample Heterogeneity in Clast Studies: A major problem with the analysis of small
clast samples is that the material analyzed may not be representative of the "whole
rock" from which it was originally derived (Shervais et al., 1990). In order to address
this problem, and to provide additional new data on the range of mare basalt
compositions, two splits each from nine small samples of previously unanalyzed
olivine-normative Apollo 15 mare basalts were analyzed for major and trace elements
by combined fused bead EMPA and INAA (Shervais et al., 1990.) These samples
overlapped in part with a study by Ryder and Schuraytz, who produced homogenous
powders of 10 gram splits from several samples of Apollo 15 olivine normative basalt
in order to produce representative analyses of the parent rocks. We obtained splits of
the sample powders which we analyzed by the same methods used for our smaller
sample aliquots, in order to evaluate how much our aliquots deviated from a true
"representative" sample aliquot. We also analyzed representative suites of minerals in
each basalt sample using existing probe mounts. These analyses were used in mass
balance calculations to determine how the modal mineralogy affects the major element
chemical variations (Shervais et al., 1990).

As expected, we found the largest variations in coarse-grained microgabbr0 samples,
but we also observed significant variations in the compositions of the finer-grained
mare basalts. These compositional variations result from the heterogeneous
distribution of late mesostasis phases, and from the relatively coarse grain size of
many samples (Shervais et al., 1990). In most cases the chemical variations shift
sample compositions along olivine control lines in composition space, making them
appear to be either more or less fractionated than a true representative sample aliquot.
In extreme cases, the coarser-grained microgabbros may be shifted off of mineralogic
control lines, so that they appear unrelated to their parent samples. Our data show that
breccia clast studies using small sample aliquots must be approached with caution,
especially if the samples have coarse grain sizes. Nonetheless, these data can
provide useful constraints for petrogenetic modeling if the uncertainties are taken into
account (Shervais et al., 1990).
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Table 2. Whole rock major and trace element analyses of Apollo 15 olivine normative
mare basalts. Samples labeled "A" and "B" represent separate aliquots of each sample
which are similar in size to clasts taken from lunar breccias. The additional samples
without corresponding trace element analyses (,9003 et cetera) are aliquots from the
large homogenized samples (10 grams or more) prepared by Ryder and Schuraytz.
Major elements by fused bead electron microprobe analysis (EMPA), trace elements
by instrumental neutron activation analysis (INAA).

Sample # 15536A 15536B 15536 15537A 15537B 15538A 15538B
,9003

weight mg 101 101 146 143 159 145

SiO2
TiO2
AI203
FeO
MnO

t_jO
Q_3
Na20
1420
P205
Cr203
Total

Na20 %
FeO %

Sc ppm
Cr
Q)
Ni
Sr
Ba
La
Q_
Sm
Eu
Tb
Yb
Lu
Zr
Hf

Ta
U

Th

44.6
2.05
7 46

23 56
0 29

11 89
9 23
0 22
0 02
0 O4
0 69

100 02

0.234
22.4

4O
4700
55.9

6O
9O
41

3.82
12.3
2.87

0.739
0.64

1.87
0.255

70
2.25
0.3I
0.06

0.29

44.7
2.23
7.57

23.02
0.29

11 36
9 42
0 21
0 O4
0 O4
0 65

99.48

0.255
22

41.1
4590
55.4

7O
120

23
4.27
12.1
3.07
0,81
0.74
1.94

0.273
<190
2.3

0.32
<.2

0.3

44.4 44.6 44.5 44.8 45.6
2.30 2.18 2.31 1,82 2.00

7.66 7.28 7.17 8.90 8.78
23.24 22.31 23.07 21.67 21.44

0.31 0.310 0.320 0.30 0.300
11.11 13.00 12.96 11.50 11.01

9.53 9.09 8.77 9.65 10.16
0.25 0.200 0,210 0.26 0.250
0.04 0.030 0.030 0.02 0.020
0.04 0.050 0.060 0.06 0.030
0,60 0,700 0.720 0.58 0.580

99.47 99.78 100.07 99.57 100.12

0.225 0.224 0.274 0.246
21.5 23.1 20.5 22.2
41.3 39.7 39.8 40.9

5100 5414 4300 3980
56.7 61.9 53.3 55.8

80 78 61 90
90 93 124 130
47 50 34 45

5.26 5.15 3.25 5.38
14.6 14.6 10.3 14
3.64 3.59 2.37 3.74

0,811 0.790 0.746 0.89
0.78 0.78 0.52 0.84
2.25 2.30 1.6 2.35

0.308 0.314 0.212 0.311
80 <150 60 120

2.66 2.61 1.79 2.7

0.352 0.376 0.237 0.36
0.24 0.12 <.2 <.3
0.44 0.44 0.25 0.4





Table 2. Whole rock major and trace element analyses of Apollo 15 olivine normative
mare basalts (continued).

Sample# 15546A 15546B 15546 15547A 15547B 15547
,9003 ,9003

weightmg 152 147 154 151

SiO2 45.3 45.1
TiO2 1.90 2.07
AI203 9.54 8.03
FeO 20.72 21.44
MnO 0.29 0.27
MgO 10.96 11.85
CaD 10.05 9.78
Na20 0.29 0.25
K20 0.02 0.02
P205 0.05 0.03
Cr203 0.64 0,67
Total 99.76 99,52

45.2

2.41
8.15

22.54
0.30

10.75
9 83
0 23

0 O3
0 O4
0 58

100 04

42.5
3.21
5.48

28.21
0,34

10.68
8.52
0.20
0,05
0.11
0.62

99.88

45.2
1 73
9 38

20 68
0 31

11 78
9 79
0 28
0 O2
0 O3
0 63

99 87

44,3
2.22

8 03
22 65

0 28
11 46

9 40
0 21
0 03
0 06
0 64

99.33

Na20 0.282 0.28
FeO 20.1 20.2
Sc 4O .9 42.3
Cr 4360 4180
Q_ 50.4 51.6
Ni 8O 70
Sr 120 120
Ba 33 45
La 2.64 2.64
Q_ 8.5 7.7
Sm 2.02 1.99
Eu 0.706 0.71
Tb 0.46 0.46
Yb 1.39 1.42
Lu 0.199 0.187
Zr <150 <130
Hf 1.59 1.51
Ta 0.218 0.19
U 0.13 <.3
Th 0.16 0.17

0.183
27.8
45.1

4170
58.7

6O
130

72
7.89
22.2
5.54
1.03

1.2

3.3
0.468

110
4.25
0.62
0.15
0.76

0.274
20.6
38.7

4450
56.5

70
80
32

2.79
8.2

2.11
0.721

0.51
1.41

0.196
110

1.52

0.2
<.23

0.23

]0





Table 2. Whole rock major and trace element analyses of Apollo 15 olivine normative
mare basalts (continued).

Sample # 15548A 15548B 15598A 15598B 15598 15605A 15605B 15605
,9003 ,3

weight mg 1 58 145 100 101 93 9 1

SiO2 45.0 44.6 44,7
TiO2 2.39 2.63 2.48
AI203 8.65 8.13 7.92
FeO 22,13 22.96 23.42
MnO 0.30 0.28 0.32

MgO 9.72 9.84 10.35
Q_ 10.29 9.95 9.66
Na20 0.27 0.25 0.24
K20 0.03 0.04 0.03
P205 0.07 0.06 0.04
Cr203 0.60 0.55 0.66
Total 99.43 99.32 99.79

45.3
2 65
8 19

22 74
0 31
9 39

10 21
0 25
0 03
0 O6
O.49

99.65

Na20 0,26I 0.252 0.254 0.28
FeO 21.8 22.7 22.6 22
Sc 47.7 45,6 44.2 45,6
Cr 4170 4100 4460 3710
Q) 48.6 50.5 53.6 47.2
Ni <100 n.d. <90 <100
Sr 110 140 170 130
Ba 50 39 48 55
La 4.62 5.17 4,44 4.97
Q_ 13.8 1 5 13.8 14.3
Sm 3.44 3.78 3.33 3.6
Eu 0.86 0.92 0,82 0,93
Tb 0.79 0.86 0.74 0.83
Yb 2.16 2.33 2,12 2.3
Lu 0.338 0.318 0.299 0.313
Zr 90 90 160 1 10

Hf 2.55 2.72 2.54 2.7
Ta 0.33 0.38 0.34 0.38
U <.27 <.3 <.12 <.3
Th 0.37 0.39 0.414 0.41

45.1 44.9
2,45 2.27
8,47 8.55

22,56 22.23
0.28 0.30
9.82 10.22

10,16 10.05
0.23 0.25
0.03 0.04
0.05 0.05
0.54 0.64

99.72 99.49

0.261
22,1
43,8

4530
49,9

5O
140

52
5.95
16.2
4.19
0,96
0,95
2.55
0,36
130

3.14

0.45
0.11
0,48

45.1

2.27
7.73

22.77
0 33

10 70
9 8O
0 22
0 O3
0 O6
0 6O

99 62

0.255
21.9

44
4310
51,3

60
9O
49

5.45
15.7
3.82
0,93
0,86

2.4
0.322

130

2.85
0.38
0.24
0.42

2.1
9.1

22.3

11

10.1
0.257
0.051

42
4150

51
4O

45
5,4

3.6

0.84

0.7
0.29

2.5
45O

1]





Table 2. Whole rock major and trace element analyses of Apollo 15 olivine normative
mare basalts (continued).

Sample # 15636A 15636B 15636 15636 W-2 One

,9003 composite sigma
weight mg 1 01 1 00

SiO2 45.3 42.3
TiO2 2.26 3.60
A1203 6.73 5.01
FeO 23.99 28.77
MnO 0.32 0.34

M90 11.08 10.36
Q_Q 9.45 8.54
Na20 0.17 0.16

K20 0.03 0.05
P205 0.04 0.10
Cr203 0.59 0.59
Total 99.95 99.82

Na20 0.221 0.175
FeO 24.4 29.1
Sc 45.3 47
Cr 4290 4160
£b 54.1 57.1
Ni <110 90
Sr 100 140
Ba 65 1 11
La 7.81 11.49
Oa 23.4 32.1
Sm 5.53 7.8
Eu 1.07 1.31

Tb 1.17 1.71
Yb 3.19 4.49
Lu 0.443 0.622
Zr 150 210
Hf 4.02 5.76
Ta 0.53 0.84
U 0.14 0.24
Th 0.71 0.99

44.8 44.6
I .93 2.22
9.14 8.55

21.22 22.67
0.27

11 60 11.32
9 63 9.58
0 23 0.26
0 03 0.04

0 03 0.07
061

99 55 99.29

3840
52

2.6

1.9
0.66

1.3
0.22

77

1.3

53.07 0.2
1.01 0.12

15.47 O.6
9.58 0.29
0.17 0.02
6.53 0.23

11.04 0.12
2.29 0.06
0.59 0.04
0.14 0.05

99.89

0.005
0.25

0.5
50
0.6
25
25

9
0.08

1
0.04
0.02
0.03
0.05
0.01

40
0.08
0.02
0.05
0.04

I2





Hybrid Source Regions: Our general review of compositional variations in mare
basalts from all sites has revealed that two distinct mixing trends are present. One
trend is delineated by high-Ti mare basalts, the other by all Iow-Ti basalts, VLT basalts,
and high-AI basalts (Shervais and Vetter, 1989a, 1990). Both trends converge on a
KREEP-like composition, but the other mixing component in each case is distinct
(figure 1). The KREEP-like component is too evolved and too fractionated to be lunar
magma ocean (LMO) trapped liquid in equilibrium with the mare source region
cumulates. In addition, if this trend is due to simple low pressure assimilation of
urKREEP, over 65% assimilation is indicated in some cases.

These observations suggest that the compositional variations observed in mare
basalts result from a complex hybridization process similar to that proposed by Hughes
et al (1988, 1989, 1990). Our model proposes that an incompatible element-rich
ferrobasalt component equivalent to KREEP sinks into earlier magma ocean
cumulates and the resulting mixture undergoes partial melting to form the mare basalt
parent magmas (Shervais and Vetter, 1990). The major difference between our model
and that of Hughes et al (1988, 1989, 1990) is that the KREEPy component mixes with
distinct high-Ti and Iow-Ti source regions, and there is little mixing between these two
source regions. Each source region is internally heterogeneous and may mix with
different amounts of the KREEP ferrobasalt component. The distinct break between
the two cumulate source regions is probably the caused by a change in cumulate
phase assemblage (ilmenite + clinopyroxene in ?).

One problem with this model is that pristine KREEP compositions are not ferrobasaltic
and will not sink into LMO cumulates. This is probably because these KREEP
compositions are themselves mixtures (e.g., Warren, 1988). In order to extract the
"true" urKREEP composition from the mixtures, we are exploring the use of polytopic
vector analysis (Shervais and Ehrlich, 1990). Polytopic vector analysis (PVA) differs
from factor analysis in that it applies Q-mode analysis to non-orthogonal multivariate
sample vectors to extract sample endmember compositions. The data are fit to a
polytope of N-1 dimensions (where N = number of variables) and endmembers are
defined as vertices of the polytope after it has been modified to eliminate negative
values (Shervais and Ehrlich, 1990). Advantages of this method are that it works best
with constant sum data (e.g., chemical analyses) and that it can define endmembers
which lie outside the data cloud.

Our results using this technique on primitive mare basalts suggest that the KREEP
component in mare basalts is an Fe-rich ferrobasalt with very low MgO that is
fractionated with respect to pristine KREEP 15386. The implications of these results
are (1) the major element composition of KREEP varies depending on either the extent
of magma ocean crystallization prior to its crystallization or mixing with other
components, (2) the major element composition of the KREEP component in mare
basalts is similar for all mare basalts (i.e., ferrobasaltic), (3) the high Fe-content of this
KREEP component suggests densities of 2.96 to 2.99 for the magma; this density will
be higher if the magma contains suspended mafic crystals. Magma with this density
will sink through felsic cumulates or mafic gabbros, but not through ultramafic
cumulates unless the content of suspended mafic crystals is high.
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Figure 1. Ti/Sm and Sc/Sm versus Sm plots for lunar mare basalts. Open stars and
open triangles = high-Ti mare basalts, other symbols all iow-Ti mare basalts. Note that
data define two mixing hyperbolas with KREEP at one end of each hyperbola. The
upper intercepts of the mixing hyperbolas are inferred to represent the cumulate
source regions of Iow-Ti and high-Ti mare basalts (or more precisely, melts derived
from those source regions). Scatter in the mixing hyperbolas (especially in the Iow-Ti
mare basalts) may represent heterogeneity in the source cumulates.
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Pristine KREEP basalts

The primary aim of this study is to characterize pristine KREEP basalts
petrographically, to establish the range in chemical compositions of KREEP basalts,
and to test models that have been proposed for their origin. High quality major and
trace element data on KREEP basalts are rare. Many samples have been analyzed by
INAA only, resulting in partial major element analyses; many others are found only in
thin section and have been analyzed for major elements using the electron microprobe
defocused beam technique. The quality of these DBA analyses is poor, and no trace
elements have been determined on these samples. As a result, our knowledge of
compositional variations in pristine KREEP basalts is limited (e.g., Ryder, 1988).

Thirteen fragments of KREEP basalt from breccia 15205, representing 11 different
clasts, have been analyzed. Trace elements were analyzed by INAA (Lindstrom and
others, 1989). Major element compositions were determined by fused bead EMP
analysis on the same splits used for trace elements (Vetter and Shervais, 1992).
Corresponding probe mounts are available for 5 of these fragments; a
petrographic/mineral chemical study was presented by Shervais and Vetter (1989).

Fractionation models using the least-squares mixing approach are not successful if the
observed phenocryst phases (pigeonite, plagioclase) only are used. Successful
models are obtained if olivine is added to the fractionating assemblage, but there is no
evidence to suggest that these samples were ever olivine saturated (although olivine
has been observed some KREEP basalts by Dymek et al, 1974, and Ryder, personal
comm.). Two clasts were analyzed in two splits each. Each of these sample pairs
spans approximately half of the total range observed in MgO and in most other
elements. Tie-lines connecting these sample pairs generally parallel the apparent
"fractionation" trend displayed by the sample set as a whole, suggesting that crysta.I
fractionation may not be responsible for this trend.

Our results on these samples are consistent with the idea that one coarse-grained,
texturally heterogeneous flow may have been sampled by the impact that created
breccia 15205. Major element variations are consistent with differences in modal
proportions of the silicate and oxide phases. In contrast, incompatible trace elements
correlate well with one another but poorly with the major elements, suggesting that
overall incompatible trace element concentrations are a function of mesostasis mode.
The high degree of correlation between Sc and incompatible elements such as La and
Hf implies a strong coupling of mesostasis phases with the augite rims on pigeonite.
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Table 3. Major and trace element analyses of pristine KREEP basalt clasts from lunar
breccia 15205. Major elements by fused bead electron microprobe analysis (EMPA),
trace elements by instrumental neutron activation analysis (INAA).

SubSample# ,131 ,132
SiO2 50.34 51.25
TiO2 1.99 1.92
AI203 15.38 16.26
FeO 10.71 9.79
MnO 0.16 0.15

McjO 8.81 8.49
C_) 10.11 10.10
Na20 0.81 0.84
K20 0.51 0.58

P205 0.29 0.22
Cr203 0.34 0.32
SUM 99.45 99.92

INAA (PPM Except where noted)

,133
50.96

2.41
16.81

9 97
014
641

10 23
0 82
0 67
0 47
0 26

99 15

,135
51 03

2 O7
15 78
10 15

012
8 85
9 97
081
O56
O29
031

99 94

,140 ,142b
49.75 51.83

1.40 1.78
16.90 16.33

9.65 9.31
0.14 0.11

10.45 8.79
9.67 10.06
0.78 0.78
0.40 0.55

0.11 0.23
0.36 0.31

99.61 100.08

,146
51 27

2O7
16 09
10 17

016
7 33

10 31
O87
O67

0 35
0 27

99 56

Na20% 0.894 0.874 0.822 0.818 0.825 0.804 0.874
K20% 0.63 0.65 0.57 0.49 0.56 0.56 0.61
CaO% 11.0 11.0 10.6 9.9 9.2 9.5 10.1
FeO% 10.34 10.04 10.31 10.12 10.46 10.00 10.31
Sc 22.4 21.8 21.6 21.3 21.9 21.9 22.4
Cr 2930 2060 2470 2280 2260 2990 21 90

£b 19.5 19.2 22.3 20.4 20.3 20,4 19.9
Ba 870 840 810 760 820 780 860
La 81.6 79.1 76.2 71.1 76.3 71.8 79.3
Ce 207 205 197 185 199 185 204
Sm 37.8 36.0 36.2 32.6 36.1 32.8 36.4
Eu 2.72 2.67 2.72 2.63 2.65 2.59 2.78
Tb 7.46 7.18 6.90 6.49 6.89 6.47 7.29
Yb 23.3 24.2 22.9 21.0 22.4 22.2 24.4
Lu 3.35 3.28 3.I0 2.84 3.06 3.00 3.31
Hf 30.1 29.4 28.1 26.3 27.8 26.5 30.1
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Table 3. Major and trace element analyses of pristine KREEP basalt clasts from lunar

breccia 15205. Major elements by fused bead electron microprobe analysis (EMPA),
trace elements by instrumental neutron activation analysis (INAA).

SubSample# ,148 ,158
SiO2 50.76 48.34
TiO2 2.20 2.02
A12©3 15.87 15.37

FeO 10.23 10.80
MnO 0.15 0.16
MgO 8.53 11,31
Q_) 10.14 9.43
Na20 0.82 0.72
K20 0.54 0.34

P205 0.41 0.23
Cr203 0.32 0.43
SUM 99.97 99.15

INAA (PPM Except where noted)

,161b
50.66

2 O3
16 98

9 85
018
8 27

10 58
0 79
0 37
016
031

100 18

,163
50.04

2.36
14.61
11 52

018
819

10 16
081
0 65

0 54
0 29

99 35

,165
52.88

2.13
15.38

10.11
0.14

7.18
9 7O
091
0 83
0 44
0 26

99 96

,167
50 15

1 94
15 92

10 33
015
9 32
9 99
0 76
049
0 30
0 33

99 68

Na20% 0.799 0.798 0.827 0.9 0.888 0.796
K20% 0.56 0.58 0.42 0.75 0.73 0.41
CaO% 9.5 9.9 9.4 10.2 10.6 10.1
FeO% 10.34 10.31 9.19 9.90 10.20 10.10
Sc 21,7 21.6 19.5 22,0 22.3 21.1
Cr 2250 2140 2250 1860 1900 2910

£b 20.6 19.2 20.6 17.3 18.0 20.8
Ba 790 840 610 930 960 730
La 70.4 78.4 58,0 83.5 84.3 85.5

Q_ 194 200 152 218 218 171
Sm 32.2 36.1 26.7 37.6 37.8 30.1
Eu 2.55 2.68 2.51 2.70 2.67 2.51
Tb 6.40 7.05 5.28 7.58 7.65 6.05
Yb 21.2 22.3 17.4 25.4 26,0 19.9
Lu 2.86 3.18 2.34 3.42 3,53 2.68
Hf 26,5 28.6 20.6 31.6 33.0 24.6
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Apollo 14 Revisited

Our work at the Apollo 14 site has focused on producing new majc: element data for
mare and highland samples analyzed previously by INAA, and a synthesis of data on
highland lithologies at the Apollo 14 site. There is now a wealth of analytical and
petrographic data on Apollo 14 highland rocks (e.g., Warren and Wasson, 1980;
Warren et al., 1981, 1983a, 1983b, 1986, 1987, 1990; Goodrich et al, 1986; Morris et
al., 1990; Lindstrom et al., 1984; Hunter and Taylor, 1982; Shervais et al., 1983, 1984;
Snyder et al, 1991; Joliff, 1991), but so far no one has attempted to synthesize this data
into a coherent picture of how the highland crust at this site formed, how it relates to
ferroan anorthosite crust at other sites, or even how the various suites at Apollo 14
relate to one another.

My work to date suggests that the alkali suite and Mg-suite cannot be related to a
common parent magma (Shervais, 1989, 1990). The Mg-suite parent magma
probably mixed with urKREEP, as proposed by Warren (1988); the alkali suite
represents either a separate magma system which also assimilated KREEP, or
cumulates derived from the urKREEP magma itself (Shervais, 1989, 1990). Snyder et
al (1991) reach the latter conclusion, based a study of 27 Apollo 14 soil fragments
(mostly impact melt breccias).

The origin of REE-rich whitlockites in samples from both suites is controversial; Neal
and Taylor (1989) have proposed a metasomatic origin by their "REEP-frac"
component. Alternatively, 1 have proposed that these whitlockites formed from the
cumulate trapped liquid component after extensive closed system fractionation
(Shervais, 1990; Shervais and Vetter, 1991). The similarity of REE concentrations in
whitlockites of all suites is attributed to similar enrichment factors for the REE and for P

to attain phosphate saturation, providing the magma starts out with KREEPy trace
element ratios (Shervais and Vetter, 1991). Movement of this fractionated trapped
liquid in response to compaction, major impacts, or tectonic stress would lead to
"autometasomatism" of the cumulate by its own trapped liquid. Significantly,
whitlockites differ most clearly in their Fe/Mg ratios, which are higher for the alkali suite
rocks.

A major problem with interpreting Apollo 14 highland rocks and mare basalt is the lack
of complete major element chemical data. Despite the importance of these clasts for
petrogenetic models of mare basalt and highland evolution, many have not been
analyzed for major element chemistry because of their small size. As a result,
systematic chemical data are not available for most samples, which have only been
studied by instrumental neutron activation analysis (INAA). Activation analysis has the
advantage of producing excellent data for a large number of trace elements (including
REE) and a few major elements (FeO, AI203, Na20) from small analytical samples.
The primary disadvantage of INAA is that several important major elements cannot be
analyzed accurately (CaO, MgO, TiO2, K20), and SiO2 cannot be determined at all.
Several of these major elements produce short-lived isotopes which require special
irradiation and counting techniques (A1203, MgO, TiO2); as a result, these are not
determined routinely. When these elements are determined, it is customary to
calculate "SiO2" by difference, assuming the major elements sum to 100 percent by
weight. As a result, dunites and troctolites may have calculated SiO2 as low as 34-36
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wt%, despite the fact that they consist of Fo88 olivine and An94 plagioclase (Lindstrom
et al, 1988).

We have attempted to overcome these problems by using fused bead electron
microprobe analysis for major elements in conjunction with INAA for trace elements
and selected major elements. Fused bead EMP analysis produces results comparable
in quality to X-ray fluorescence analysis when basaltic samples are analyzed and can
be applied to samples as small a 10 milligrams. Since INAA samples generally range
from 10 to 100 mg in mass, both techniques can be applied to the same sample, either
by splitting a homogenized powder, or by serial analysis (INAA followed by fused bead
EMPA).

Twenty clasts from lunar breccia 14321 were analyzed as part of this effort. These
clasts include 11 mare basalts, 3 olivine vitrophyres, 3 Mg-troctolites, 2 Mg-
anorthosites, and one dunite. These clasts were analyzed for trace elements and
selected major elements by INAA (Shervais et al, 1985a, 1988; Lindstrom et al, 1984).
All 20 samples were fused in molybdenum foil boats and prepared for major element
analysis using our normal procedures. The fused samples were analyzed for 12
elements (including molybdenum to monitor dissolution of Mo from the sample boats
into the fused glass) on a Cameca SX-50 EMP at the University of South Carolina.
This data set represents the first complete major element for these samples (Shervais
and Vetter, 1992).

Differences between the INAA and EMPA data sets are .q.enerally smallest for those
elements which can be measured accurately by INAA: AI203, FeO, MnO, and Na20
(figure 1; table 1). Fused bead EMPA for Na20 are systematically 5-10% lower than
the INAA results, suggesting that Na was mobilized under the electron beam. INAA
results for TiO2 and MgO are systematically too high by 15% to 20% on average, while
K20 and SiO2 (by difference) show significant scatter to both high and low values.
Cr203 values correspond well for the mare basalts, but show significant differences in
the highland samples.

Fused bead EMPA provides superior analytical results for the major elements SiO2,
TiO2, MgO, CaO, and K20 on small samples extracted from lunar breccias. This
method can be applied to samples which have been irradiated for INAA and
complements the data obtained by INAA. Fused bead EMPA eliminates the need for
"rabbit runs", which are used primarily to obtain data for the major elements ,_1, Mg,
and Ti. These data will allow us to refine petrogenetic models for 14321 mare basalts
and highland rocks, and expand the range of clast sizes from which complete
geochemical data may be obtained.





Table 4. Highland Plutonic and Impact Melt Rocks from Lunar Breccia 14321 Analyzed
for Major Elements by Fused Bead EMPA.

Sample A14321 A14321 A14321 A14321 A14321
Number ,1140 ,1142 ,1154 ,1211 ,1205-A
Rock Name Troctolite Troctolite Troctolite Mg Anorth Mg Anorth
SiO2 41.83
TiO2 0.05

AI203 18.12
FeO 7,73
MnO 0,07

MgO 22.89
Q_ 9,87
Na20 0,17

K20 0.02
Cr203 0,03
P205 0.01
Total 100.79

43.05
018

24 01
4 76
0 O5

14 91
13 20

0 3O
0 O5
010
001

100 63

43
0

27
3
0

11
14

0
0
0
0

100

41
O4
O4
27
01
65
67 18
34 0
O6 0
01 0
01 0
51 100

44 24
0 36

32 59
1 88
0 O2
2 16

37
39
11
O2
O7
21

44
0

34
0
0
1

18
0
0
0
0

100

45
17
24
9O
01
3O
84
45
11
00
12
59

Sample
Number
Rock Name
SiO2
TiO2
AI203
FeO
MnO

tveo
OaO
Na20
K20
Cr203

P205
Total

A14321

,1141
Dunite

41.80
0.03
0.30
7.49
OO9

50 18
024
0 00
0 00
0 04
0 00

100 16

A14321

,1158
OI-Vitro
47.12

1.36
12.72

9.81
0.12

19.50
8.03
0.72
0.46
0.21
0.15

100.20

A14321

,1159
OI-Vitro
47 07

1 37
12 61

10 02
012

19 48
8 04
0 74
0 44
0 22
025

100 36

A14321

,1180
OI-Vitro
47.22

1.33

12.35
9.97
0.12

20.10
7.75
0.77
0.48
0.21
0.21

100.50

2O





Table 5. Mare Basalt Clasts from Lunar Breccia 14321 Analyzed for Major Elements by
Fused Bead EMPA.

Sample A14321 A14321
Number ,1143 ,1157
Rock Name Basalt Basalt
SiO2 48.16 47.97
TiO2 2.14 1.84
AI203 13.49 12.76
FeO 15.34 15.21
MnO 0.24 0.25

MgO 8.56 9.55
(3_ 11.39 11.52
Na20 0.5O 0.44
K2.O 0.13 0.10
Cr203 0.48 0.42
P205 0.03 0.05
Total 100.45 100.13

A14321

,1160
Basalt

45 73
3 O5

12 25
17 61

0 27
828

11 05
0 52
008
0 43

001
99 28

A14321 A14321 A14321

,1161 ,1162 ,1179
Basalt Basalt Basalt

44.47 44.89 47.24
2.84 5.50 2.08

11.69 9.07 12.69

17.62 23.66 15.93
0.27 0.32 0.23

11.36 5.71 9.75
10.39 10.12 10.76

0.42 0.27 0.49
0.06 0.21 0.13

0.52 0.30 0.52
0.00 0.01 0.03

99.64 100.06 99.85

Sample A14321 A14321
Number ,1183 ,1184
Rock Name Basalt Basalt
SiO2 46.76 47.55
TiO2 2.25 2.62

AI203 12.78 13.80
FeO 16.88 14.80
MnO 0.24 0.24

McjO 8.55 7.15
QO 11.09 11.98
Na20 0.77 0.52
K2O 0.17 0.15
Cr203 0.41 0.30
P205 0.03 0.02
Total 99.92 99.I2

A14321 A14321 A14321

,1185 ,1210 ,1149
Basalt Basalt Basalt

45.43 46.20 45.35
2.42 2.28 3.25

12.13 12.75 11.30
17.18 16.95 17.54

0.26 0.24 0.27
8.60 8.37 11.61

11.24 11.10 9.83
0.41 0.75 0.39
0.14 0.17 0.21
0.46 0.37 0.41

0.05 0.07 0.00
98.32 99.24 100.17
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Nine .samples of Apollo 15 mare basalt have been anal}7.ed to as,se_s chemical and petrological _xriations
within tbc mare basalt suite at this site. All nine (15536, 15537, 15538, 15546, 15547, 15548, 15598,

15605, and 15636) are low-silica olkSne normative basalts (ONq3s) that correlate with the ONB suite

ms dcfined in previous studies. Partial analogs have been published for two of them samples, but tbe

other seven have not been analyzed prcMously. Five of these samples are part of a concurrent study

b v ._huraytz and Ryder (1988). The nine .samples vary in texture and grain size from fine-grained,

inter,granular or subophitic basalts to coarse-grained, granular "microgabbros." SLx of these samples are

small (original .sample weights 1.9 g to 27.8 g) but three are relatively large (original .sample weights

135.7g to 336.7 g). Two _lits from each sample were analFzed _paratety to a.sse_ chemical differences

between small subsamplcs of the same rock as a function of grain size and texture. Wen of the basalts

have subsample pairs that are similar in composition and plot on olMne control lines with other Apollo

15 low-silica ONBs. Two of the basalts (155-i7 and 15636) have subsample pairs that differ significantly

in composition from each other and from large subsamples of the same bz_lt. They al_) dcviatc from

the overall trend of well-analFzed ONBs (Rhodes and Hubbard, 1973). Them samples are coarse-grained

microgabbros characterized by the heterogeneous distribution of late-forming mesostasis plt_ses (gla._s,

ilmenite, fayalite, whitlockite, troi!ite, Fc-metal) that are rich in FeO, TiO,, and incompatible trace

elements. Our data .supt_rt the conclusions of Ryder and Sleele (1988) that the ON"B suite (referred

to here a.s the low-silica ONB suite to distinguish it from high-silica ONBs parental to the quartz-normative
basalt suite) represents a single chemical group related by fractional crystallization of olivine. Chemical

_-ariations observed vdthin the low.silica ONB suite that did not h>rm by olivine remoxal arc probably
the result of nonreprescntative sampling and analytic_al uncertaint T. These problcms are most acute for

sm',dl subsaml)les of coarse-grained granular ha.salts with heterogeneously distributed mesostasis pha_c_zs.
These data can be applied to breccia cla.st studies to ird'c-r the extent to which small cla.sts can be

considered representative of their parent rock. The high-silica ONBs of Vetter et al. (1988) f:dl on olMne

control lines s_Sth primitive quartz-normative ba.salt_ and are probably related to the QNB suite hy olMne

fractionation. The high-silica ONBs do not exhibit x-ariations of the _ame magnitude or t)pe as the low.

silica ONBs studied here, which .are ;tffcctcd primarily by mesostasls enrichments or depictions. Wc
conclude that the high-silica ONBs of Vctter et at. (1988) are indeed a distinct rock t3.pe unrelated

to the more common low-silica ONBs at the Apollo 15 site.

INTRODUCTION

Early studies of the ApoUo 15 mare basalt suite established

the presence of two distinct groups: the olMne-normative

basalts and quartz-normative basalts (e.g., Rhodes and

Hubbard, 1973; CbathOell aml Gree_l, 1973). Olivine normative

basalts (ONBs) are the more common variety and are inferred

to overlie quartz-normative basalts (QNBs) at the Apollo 15

site (ALGIT, 1972; Ryder, 1989). Them groups cannot bc

related to one another by fractional ct3.'stallization , _ at least

two separate parental magmas are needed (Rhodes and

Hubbard, 1973; Ctm[ypell and Greets, 1973).

Recent studies of mare basalts at the Apollo 14 site bare

revealcd a wide xariety of previously unrecognized mare blt.salt

t3pes (e.g.. Sberva/s et al.: 1985a,b; Dicki_son el al., 1985; Neal

et al., 1988a,b). The new basalts, which occur as clasts in

breccias or as coarse-fine fragments, have considerably

broadened our view.,s on mare basalt petrogenesis. Them

studies show that the lunar crust is far more complex than

suspected previously, and that processes such a.s magma-mLxing

and wall-rock zssimilation were important in its petrogenesis

(e.g., l_'krren et al., 1983; Sben_ais et aL, 1985a,b; ,Veal et al.,

1988a, b; ll"_tnen, 1988). However, in many cases the samples

may be only a few grain dianletcrs across and weigh le_s than

50 mg. This can create problems in obtaining a repre._ntativc

sample. These problems are most acute for coar_-graincd

highland rocks, but can al_ caum considerable uncertainty in

the anal_,.'sis of mare basalt clasts.

Similar problems may arise when small subsamples of

indkSdual hand samples are alkx:ated for analysis. Mason et al.

(19"72) di_uss this problem in regard to the Apollo ]5 mare

basalt suite. The) r_port that their analysis of 15085, which
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has an average grain size of about 3 ram, deviates significantly

from the trend of other analyzed mare I_a.sahs, and that this

deviation is not in the direction expected by noma:d igneous

processes. Rhodes and lhtbbard (1973) note differences in

._paratc an:d}.'ses of coarse-grained mare ba.sah 15555 by

diffcrent laboratories that were too large to be caused by

intcrlaborator 3' analytical error. The T also find large differences

in their own replicate ,'maly_s of 15076, a coarse-grained

ba,_lt or microgabbro. Mason et al., (1972) and Rhodes and

Hubbard (1973) both attribute these discrepancies to

inadequate sanlpling of the coar_-grained rock.s, ltehnke et al.

(1973) di._uss sampling problems in their study of Apollo 15

basalts, which includes 24 "walnut" and "peanut" sized ._mlples

from the rake samples and coarse-fines. The}, note that the

compatible elements display relatively little ._atter, but that the

incompatible elements arc more sensitive to the distribution

of late memsta.sis ph,'tses.

Clanton and Fletcher (1976) dtwcloped a model for major

element ",-ariations in small samples based on Monte C:u'lo

simulations of mineral grain distribution, obm_'ed grain size,

mode, and .sample weight. The model is designed to convert

uncertainties in the mineral grain distribution into uncertain-

ties in the abundance of the major elements. It does not

consider the distribution of mesostasis phases, howcwer, and

thus cannot explain variations in the incompatible trace
elements.

Ryder and Steele (1988) and Scbura1,tz and Ryder(1988)

have attempted to minimize this problem for the Apollo 15

ONB suite by anal}zing splits taken from large, homogenized

subsamples. Ryder and Steele (1988) homogenized subsamples

weighing 200 to 500 nag for 12 of their analyses. Scbura),tz

and Ryder (1988) increased that hy an order of magnitude,

homogenizing 4 to 5 g per sample. This approach is impractical

for breccia cla.,;t studies, where the weight of ,sample ex_tr-acted

from the breccia matrix may Ix: 1O0 mg or less.

We report here new chemical and petrographic data on nine

samples of Apollo 15 ONB. Seven of the_ ._.mples have not

been analyzed previously; one has been analyzed by INAA ortly

(15605; Ma et al., 1978), and another has been anal}_ed by

Xq_ and INAA ( 15636; Compston et aL, 1972; Fruchter et al.,

1973). These basalts exhibit a range in average grain size from

coarse to fine, and sevev, d display macro_opic heterogeneiB'.

Our approach is to analyze subs,_lples similar in size to those

commonly u,_d in breccia cla.st studies (100 to 150 rag), and

to anal)7.e two separate rock fragnlents from each sample. In

addition, we received sub_amplcs from five tff the large samples

studied by Scbural,tz and Ryder (1988). Our goal is to present

new data on the Apolh) 15 olivine ba.salt suite, :rod to a.s.sess

the effects of small sample size on the al')p:trent bulk chemisl_'

of mare ha.salt sanlples. We extend our conclusions to analyses

of small cla.sts in breccia 15498 reported by 1.'ett_q" et al.

(1988).

METHODS

Nine mar(.' basalts were _amplcd in this stud}': 15536, 15537,

155.38, 15546, 15547, 15548, 15598, 15605 and 15636.

Existing thin sections and probe mounts of each sample were
studied using standard petrographic techniques, and their

constituent mineral phases analTzcd using the SX-50 electron

microprobe at the UniversiD, of ,'kmth Carolina. Minerals were

analyzed at 15 kV with a 25 nA beam current and a 1-2-,_ six)t

size; representative mineral analyses are reported in the

Appendix, mad complete analytical data are on file in the

datapacks at NASA-JSC. A suite of natural and sTnthetic minerals

provided by E. Jarosew4ch of the National Museum of Natural

History at the Smithsonian Institution were used a.s standards.

Modes were determined by point counts on one to three thin

.sections of each .sample; the,_ data are reported in Table 1.
The number of .sections counted for the modes was a function

of the number of sections available for each sanlple, not their

grain size. Grain size distributions were determined using color

photomicrographs: for each sample, at'l of the mineral grains

in one or more photos were measured.

Five of the nine samples studied bere were received as two

.separate sub_mples, each weighing appro.ximaTel) 150 mg.

taken from different parts of the parent sample. The other four

,-omples were received as single 200-mg samples (15536,

15598, 15605, 15636) and were split into two lO0-mg

subsamples prior to further processing. Each sub._mlplc was

crushed to a fine powder in an agate mortar and further

subdMdcd into two fractions: 35-50 nag for major element

analysis using the fumd bead-electron microprobe technique

(Brouvt, 1977) and 60-100 mg for trace element analysis by

instrumental neutron activation analysis (INAA). FcO, Na,O.

and Cr were also determined by INAA. Subsamplcs h)r fu_-d

TABLE 1. Mod',d composition ofAlx)llo 15 olMne normative basahs ha._-d on petrographic an:d),'sis.

Sample 15536 15536 15536 15537 15538 15538 15538 15546 15546 15546 15546 15547 15547 15547 15547
,7 ,8 A_'g ,4 ,4 ,5 A_g. ,6 ,7 .8 Avg ,6 ,7 .8 Avg

Points 6750 6079 12829 831 532 563 1095 1211 1162 1398 3771 719 1218 1086 3023
Counted

Mod',d %

Olivine 28.0 20.2 24.3 17.7 18.0 20.2 19.2 7.8 20.8 10.6 12.9 19.5 16.2 16.5 1-.1

_TOXCnC 35.9 40.2 37.9 41.2 41.0 3fi.7 38.3 5 t.6 39.1 53.6 48.5 47.6 45.4 49.0 4-.2
Plagiocl,xsc 31.2 30.3 30.8 32.3 314 29.3 30.3 34.2 27.5 26.5 29.3 26.8 30.2 23.8 2-.1
Opaques 3.1 %4 4.2 6.5 0.8 2.3 1.6 3.7 5.8 5.1 4.9 1.0 5. I 2.2 3. I
Mc.,;osta.,;is 0.2 0.7 0.5 0.7 2.6 2.8 2.'_ 0.6 3.4 1.6 1.8 07' 1.1 2. I 1:4

Fay',ditc 0.2 0.8 0.5 0.0 0.6 1. I 0.8 2.1 2.2 O.1 1.4 O.1 1.6 0.9 1.O
Cristobalitc 1.4 2.4 1.9 1.7 5.6 8.5 7.1 0.0 1.2 2.5 1.3 4.3 0.3 5.4 _,1
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TABLE 1. (continued).

,";ample 1554g I ':J598 1¢,598 15598 15_J98 15605 15(R15 15605 1_636 15636 15636

,4 ,10 ,I 1 ,12 Avg. ,_ ,6 AVg. ,8 ,9 AVg.

Points 532 1836 2300 2286 6422 1488 1480 2968 1058 858 1916
Counted

M(Ktal %

Olivine 22.4 15.3 14.7 12.7 14.2 16.3 15.3 15.8 16.2 20.3 18.(I
Pyroxene 41.4 42.6 40.8 45.1 42.g 47.6 48.0 47.8 47.9 40.8 44.7
Plagi¢_cl_e,e 28.2 32.2 35.0 32.7 33.4 27.0 23.9 25.4 24.0 29.1 26.3
Opaques 5.6 7.1 6.9 5.7 6.5 4.5 8.3 6.4 6.1 62 6.2
Mc.,v,)stasis 0.9 2.1 0.8 2.4 1.7 1.2 1.7 1.4 1.6 1.4 1.5
Fayalitc 0.2 0.6 1.6 1.3 1.2 2.8 2.2 2.5 2.6 1.0 1.9
Cristobalite 1.3 0.2 0.1 0.0 0. l 0.5 0.7 0.6 1.6 1.2 1.4

bead EMP anal),'sis were fu,_d in ,an electric strip furnace at

the Univcrsit T of South Carolina, using Mo foil sample boats

and a dry nitrogen gas atmosphere. Fusion time was generally

20 seconds or le_s. The fu._d beads were analyzed at 15 kV

with a 15 nA beam current and a 15-20-#-diameter spot size

on a Cameca SX-50 electron microprobe at the University of

South Carolina (Table 2). Natural and g'nthetic minerals and

glasses provided by E. Jarosewich of the National Museum of

Natural History at the Smithsonian Institution were used as
st andarcLs.

In order to test this method, ten separate fractions of USGS

basalt standard W-2 were fused intoglass beads and anal)xed

using the same conditions and standards as the mare basalts.

The results were averaged and a standard deviation for each

element determined (Table 2). This estimate of anal)¢ical

uncertainty includes counting error, .sample preparation, and

matrLx correction effects, which are the most important

murces of error inherent in the analytical technique.

The trace element subsamples were anal2,7.ed at NASA-JSC

using the procedures outlined by Lin&trom et aL (1989): the

results are reported in Table 2 along with the major element

data. The analytical uncertainties listed in the rightmost

column reflect both counting errors and 1% uncertainty (or

noncounting errors. The silica glass tube containing one

sample, 15537B, broke during irradiation or transport,

resulting in the Ios,s of about one-third of the _mple. The m,xss

of sanlple remaining was obtained by comparing the apparent

FeO in the INAA sample to the concentration of FeO

determined by fused bead electron microprobe analysis of

powder from the ._me split.

PETROGRAPHY AND MINERAL CHEMISTRY

All the s,_ples studied here are Iow-SiO 20NBs t'),g_ical of

the Apollo 15 site. Six of these samples are medium- or coarse-

grained granular basalts and probably best classified as olivine

microgabbros; the other three (15536, 15548, and 15598) are

olivine-ph3a-ic ba.salts vdth medium- or fine-grained ground-

ma.c,s. The grain size designations used here differ from thorn

used by Ryder (19851: fine-grained <0.35ram average,

mcdium-grained= 0.35-0.5mm average, and coarse-grained

>0.5 mm average. The reason for these differences is that the

average grain size determined by counting all the grains in a

given area is smaller than that estimated from random

measurements because very small grains tend to be ignored

in random measurements. The average grain size here was

determined by calculating the area of each measured grain,

averaging the areas, and determining the equivalent length of

the average grain. This results in a slightly larger average grain

size than simply averaging the grain dianlcters. Photomicro-

graphs of each .sample, ",ill made at the .same magnification, are

shown in Fig. I.

Petrography

Basalt 15536. 15536 is a medium-grained oli_ne-ph.wic

basalt, _4th olivine phenocr3"sts 0.5 to 1.5 mm in diameter (Fig.

la). Olivine is le_ common than pyroxene in the groundmass,

where both minerals range from O. I to 1. I mm across (average

about 0.4 ram). The marie phases are enclosed by plagioclase

laths up to 1.7 × 0.5 mm in size (0.5 >; 0.2 rrma average) that

form a subophitic to poikilitic texture, with small p}Toxene

chadacr3'sts in plagioclase oikocrTsts, llmenitc, ulvospinel,

fa_lite, cristobalite, glass, and troilite all cr)._tallizcd late and

are interstitial to the mafic phases, but are not generally

associated with plagioclasc. Ry&,r (1985) notcd that 15536

contains marie and fclsic bands in hand specimen, but these
bands are not ob_fous in thin section.

Basalt 15537. 15537 is a medium-grained, vesicular

oti_Sne basalt with rounded oli_Sne grains, 0.20 to 1._, mm

across, hwming chadacrTsts in large, subhcdral pigeonitc

oikoct3:sts (Fig. lb). Small chadacrTsts of plagioclase in

pyroxene arc less common. Pigeonite forms block'}" prisms up

to 4 mm long, but most are 0.2 to 1 mm in length with

subhedral to anhedral outlines (0.41 mm average). The

pigconite is surrounded by plagioclase laths 0.1 to 0.8 mm in

length (about 1.5 mm maximum, 0.38mm average) that

enclose p}Toxene sutx_phitically, but ,some laths are partly

enclosed by pyroxene. Late pyroxene-plagiodase intergrowths

arc finer-grained and have variolitic textures. Me,,_)sta.sis pha.v..-s,

which include ilmenite, ulvospimq, chromite, glass, and fayalite,

are relatively .scarce and t_'enly distributed throughout the
_'ctions.

Basalt 1553& 15538 is medinm-grained granular olivine

basalt or microgabbro with a poikilitic, cumulus texture (Fig.
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Fig. 1. Photomicrographs of the nine marc ha.salt samples studied here, all at the same scale (field of view= 5.6 ram). (a) 15536 ,-'.
(b) 1553-' ,4; (c) 15538,4: (d) 15546,6: (e) 15547,7: (t3 15548,4: (g) 15598,10: (h) 15605.5; (i) 15636,9.

lc). Rounded olivine and p_Toxene grains 0.1 to 0.8 mm

across are poikilitically enclosed by block T, lath-shaped

plagiodase oikocD.'sts 1.0 to 2.5 mm long, and up to 1.0 mm

wide. Smaller plagioclasc laths are interstitial to both

plagioclase and pyroxene. Magnesian olMne also occu_ as

small (0.3 mm average) rounded inclusions in pigeonite,

which zones ou_vard to augite. The pigeonites contain ve_'

thin exsolution lamelhc of a pale brown t_hase, possihly sT)incl.

Half of thin section ,4 is m'_c and the other haft is

plagioclase-rich; this banding w-as .'tl,,_)noted in hand specimens

by R.),der (1985). The marie half contains abun "dant plgeonite,

olivine, ulvospinel, and ilmcnite surrounded by 25-30%

interstitial plagi_,'lase. The other hag of the section contains

larger lath-shaped plagioclase oik(×-rysts that corer)rise 50-60%

of the basalt, with small, rounded chadacr),'sts of oli_fine mad

pigeonitc. Mcsostasis clots consisting of ilmenitc, fayalitc,

cristobalitc, and brown glass are common in the marie half of

the section, but are rare in the plagioclase-rich half.

Basalt 15546, 15"346 is a medium- to coarse-grained,

granular-textured olivine basalt (Fig. l d). Olivine fomls bh)ckv

or rounded crTstals less than 1 mm across (0.4 mm average)

that generally ,are either overgrown by pigeonitc or fom_

inclusions within single pigeonitc grains. Pigeonitc forms

bh)ckT, subhedral co'stals, mostly 0.1 to 1.0 mm hmg, although

some are a.s large as 2 mm (0.4 mm average). The marie pha.,_cs

are surrounded by interstitial plagioclasc laths approximately

0.8 >' 0.2 mm in size that enclo._ p.vroxene subophitical[_, but

in some ca.v,:s this relationship is reversed and pyroxenc molds

around plagioclasc.

Except for a few chromite inclusions, opaque phases are

generally interstitial to pD'oxene and mold around p_voxene

co'stal faces. The opaques, ilmenite and ulvospinel, are usu:dh'

small (0.1 to 0.2 ram) but a few ilmcnite blades arc as large

as !.2 x 0.4 ram, l.atc-forming mesostasis phases such as

cristobalitc, fayalitc, and pale brown glass are commonly

as,sociated with the opaques, but these me._)stasis-rich areas

are small and evenly distributed throughout the ._'ction.

Basalt 15547. 15":,4" is a coar._.graincd, granular-tex[urcd

olivine basalt or microgabbro (Fig. lc). l_.'roxene and

plagioclase fom_ an interlocking network of subhedral to

anhcdral prisms and laths 0.5 to 2ram long (0.58ram

axvrage), with the plagiocla.se commonly enclosing p.vroxenc

subophitically. The pyroxene (0.62 mm average) is strongly

zoned from pigeonite cores to reddish-brown fcrroaugite rims

that are rich in opaque inclusions. The pigconites commonl.v

contain _vU" thin exsolution lamcllae of a pale brown phase

that are too thin to anal)7.e but which may be spinel; similar

lam_cllac are found in 13605 and 15"538. Olixine occurs as tim-
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Fig. 2. Otixine compositions in tool.", forstcritc component.

(0.1 to 0.5mm) rounded inclusions in pigeonite and

plagk>clasc, llmcnite and uh,ospinel occur interstitially either

&s individual grains or in clots with other mc_)st,x_is ph:t_cs.

Mcsost:tsis phases t)pically (x:cttr a.s clots up to 0.6 mm

across that are irregularly distributed throughout the thin

,sections. The clots arc .scarce :tnd small in ,_.'ctions ,6 and ,7,

whereas in section ,8 the}' are al_undant. The clots gcner:tlly

consist of fa)alite, ilmcnite, cristobalitc, pale brown gl.l_s,

ulvospinel, whith)ckitc, troilite, and Fe-met',d; fayalite and glass

are commonly associated in vermicular intergrowths.

Basalt 15548. 15548 is a very fine.grained, olivine-

microphyric ha,salt with an intergranular to subophitic texture

in which plagioclasc laths partially enclose smaller p.vroxcne

grains (Fig. If). The olMnc microphenocrysts arc 0.25 to

!.25 mm across (0.4 mm average) and have suhhedr:d to

nearly cuhedral outlines with ragged grain bound;tties. A few

olivines are embayed and the embayment is filled with

groundmass phases. The groundmass consists of a framework

of plagioclase laths 0.05 to 0.55 mm long (0.23 mm average)

with interstices that are filled with granular aggregates of

pyroxcnc (0.17 mm averagc) and opaques (0.09 mm average).

A few of the larger plagioclase grains ,are poikilitic and enclo_

small pyroxene grains, but partial molding of plagiocla.se

around pyroxene is more common. The opaque phases,

ilmcnite and ulvospincl, arc evenly distributed as small,

anhedral grains that are interstitial to p.vroxene; cristobalitc and

glaSS are scarce.

Basalt 15598. 15598 is a fine-grained, olivine-phyric basalt

consisting of scattered olMne phenocr3.'sts 0.6 to 1.3 mm

across, set in an intergranular matrix of plagioclase, p}Toxene,

and opaques (Fig. Ig). The olMne phenocr3.'sts are subhedral

to anhedral in outline, with embayed rims and ragged or fritted

grain boundaries (Fig. lg). The groundmass consists of

subhedra] plagioclase laths 0.1 to 0.Smm long (0.33ram

average) .separated by a fine granular aggregate of pyroxene,

ilmenite, and ulvospinel. Cristobalite, fayalite, and residual glass

are distributed in residual patches, but the._ are generally small

and evenly distributed throughout the sanaple. The groundrnass

pyroxene is generally only 0.1 to 0.4 mm in diameter

(0.27 mm average), and forms a granular mosaic that fills in

Ix-twecn plagioclasc laths.

Basalt 15605. 15605 is a coarse-grained, vesicular olivine-

beating b;tsalt with scarce, large, rounded oli_ines up to

1.25 mm across. Most olivincs form small (<0.8 ram) rounded

and embayed inclusions in pyroxene, but ruction ,5 contains

a large skeletal olivine grain 3 mm long × 0.3 mm wide with

a hollow core (Ryder, 1985). Pigeonitc forms subhedral prisms

up to 2.5 × 0.6 mm, hut most are 0.2 to 2 mm in length

(0.56 mm average). Chromite inclusions are common in I_)th

pigeonite and olivine. Man)' of the larger pigeonitcs have very

thin ex_olution lamellae of a pale brown ph:tse--possibly

spinel--that are too thin to anal)7.e. Plagiocb.,e forms laths up

to 2 mm long that are interstitial to p}a-oxene and commonly

mold around them to form a subophitic texture.

Mesostasis phases include fayalite, ilmenite, uh'ospinel,

cristobalite, brown glass, and a phosphate. Them are generally

concentrated in mesostasis-rich areas between the m'_c

silicate grains, but these areas are small and evenly distributed
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throughout the sample. One interesting textural feature fi)und

in _ction ,5 is a deformed pyroxene grain that has been

cura'cd around an adjacent olivine. The pyroxene has

undulatory extinction v_fflere the c]eax_ge is cutwed, and a

sharp kink-band boundar T with the undeformed temlination of

the c_,stal. Despite the strong curvature in the pyroxene, the

adjacent plagioclase shows no indication of strain or
deformation.

Basalt 15636. 15636 is a coarse-grained, granular-textured

olivine I)a,_lt or microgabbro consisting of large subhedral to

anhedr;d pyroxene and plagioclase laths up to 3.5 mm long

(Fig. li). I_xoxene (0.74 mm average) is strongly zoned from

pigeonite cores to reddish-brown, inclusion-rich ferroaugite

rims. The pyroxenes arc commonly twinned |)ut no exsolution

lamellae are evident. Blocky plagioclase laths (0.65ram

average) enclose pD-oxenes subophitically, and also poikilifi-

cally enclose some of the smaller olivine and pyroxene gr,_ns.

Olivine occurs as small (0. I to 0.5 ram) subhedral to euhedral

inclusions in plagiodase, or as rounded inclusions in p)Toxene.

Opaque phases include chromite, i|menite, uh'ospinel (_'hich

may contain iimenite exsolution lanlcllae), troilite, and Fe-

metal. Chromite gcncrMly occurs .msinclusions in pigconite Mr

olivine; the other opaque pha.ves are commonly associated with

mesostasis clots that also include fayalite, cristobalite, brown

glass, and whith_kite.

The mesostasis clots are up to 1.0 × 0.5 mm in size and are

distributed irrc_mlarly throughout the ._mplc. Theft occur-
rence is generally restricted tO plagioclase-free arems between

p}Toxene grains, and the}" are commonly intergrov,'n with the

ferroaugite rims. 15636 resembles 15538 in the irregular

distribution of mafic phases and plagioclase: two-thirds of thin

section ,8 consists of plagioclasc-rich basalt (45-50%

plagioclase) with rare opaques; the other one-third of ,8

contains only 25-30% plagiocla.m. The m'_c portion of ,8 and

most of thin ._ction ,9 contain abundant mesostasis clots, but

exvn in section ,9 (which is relatively malic) the mesostasis-

rich areas axe clustered in three distinct regions. This highly

irregular distribution of opaque and mesostasis pha._es is al,m

e_4dent in hand specimen.

Mineral Chemistry

Olivine. Oli_'ine phenoc_'sLs in the three olivine-ph}Tic

ha.salts (15536, 15548, 15598) range in composition from

Fo50 to Fo71, with rims that are somewhat richer in iron--

Fo43 to Fo63 (Fig. 2). The cores of the olivine phenocr3_ts

are generally more magnesian than the resorbed olivine

chadacr'}_ts in the coarser-grained olixine batsalts and olivine

microgabbros, which generally range from Fo40 to Fo57,

although chadacD'sts in one sample (15537) are more

magnesian (Fo60 to Fo(_). Fa_litic olivines associated with

other late mesostasis phases in the co,trse-grained basalts are

greenish in color, and range in composition from Fo37 to
Fo15.

Pyroxene. Pyroxenes in all the samples have similar

comt'x)sitional ranges, regardless of texture or grain size (Fig.
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3). Groundmass pyroxcnes in the olivine-ph)ric samples have

100"Mg/(Mg+Fc) ratios (MG#s) that range from 66 to 24.

Large, subhedral pyroxenes in the coarse-grained olivine

microgabbros have pigeonitic cores (MG#s = 67 to 46) that

zone outwards toward augite or ferroaugitc rims (MG#s = 63

to 24). Minor element concentrations are also similar, with

A]20_= 0.8 to 3.1 and TiO2= 0.3 to 1.8 in all samples. In

general, the highest minor element concentrations are

associated with higher woIIastonite components in the

pyroxenc.

Plagioclase. Plagioclase displays limited compositional

'_ariation, ranging from An93 to An85 and averaging about

An91 in most samples (Fig. 4). One of the coarse-grained

basalts (15547) _ems to include a larger proportion of more

sodic plagiocla._', lowering the average composition to around

An89 (Fig. 4). Potassium contents are uniformly low, with

compositions ranging up to 2 mol.% Or maydmum.

Opaques. Ilmenite and ulvospinel arc the most common

opaque ph:tses in all _mplcs; Iow-Ti chromite is much le_

abundant and generally occurs as small cuhedral inclusions in

olivine or pigeonite. Ilmenites display limited solid solution

towards geikielite, with 0.1 to 1.5 wt.% MgO. Chromitcs

include about 3 to 4 wt.% TiO2, the uh,ospinels 20 to 30 wt.%

"1302.

Mesostasis glass. Me.sosta.sis glass is scarce in the fine-

grained samples, but is common in many of the coarser.grained

rocks. This glass is rich in SlOe (74 to 79wt.%), AIzO _ (10.7

to 12.9 v¢t.%), and K20 (2.6 to 8.8 wt.%), with relatively minor

TiO2 (0.4 to 0.6wt%), FeO (0.9 to 2.15w¢.%), MgO (0 to

0.03wt.%), CaO (0.6 to 4.0wt.%), and Na.,O (0.12 to

0.3 wt.%).

WHOLE ROCK GEOCHEMISTRY

"¢,;qlole rock geochemical data for the nine mare basalts

studied here arc premnted in Table 2, along with additional

data from the literature for _amples 15605 and 15636 (Ma

et aL, 1978; Compston et al., 1972; Frttcbter et al., 1973).

Table 2 also includes major clement data that we determined

for five of the basahs studied here, using subsamplc._ from the

4 to 5 g homogenized poxvders prepared by Sctmraytz and

R),d_" (1988). Tbcm data, along with the pro,'iously published

resuhs for samples 15605, provide our best estimate of "true"

bulk rock compositions for comparison with our ,-mal)_cs of

file small subsamplcs.

Major Elements

All the .samples studied here have major clement geochem-

ical characteristics typical of the Apollo 15 olivine-normative

basalt suite. Data for the 18 small subsamplcs (2 per basalt

sa_rnple) and 6 large subsamplcs arc plotted on MgO variation

diagrams in Fig. 5. All of the large subsamples and 16 of the

small subsamples plot within the same region as the other

Apollo 15 ONBs. Two of our small aliqouts (15547A and

15636B) are enriched in FeO and TiO2, and depleted in SiO2

and CaO; them .samples fall outside the area of t).pical Apollo

15 ONq3s and far from the other samples studied here (Fig.

5).
Five of the nine samples studied here ( 15536, 15537, 15538,

15548, 15605) have subsample pairs that are esscntialh,' the

_me within analytical uncertainty (as,sumed to be about twice

the standard dt.aiation of replicate anal)_es, Table 2). Two

other samples ( 15546, 15598) have subsample pairs that differ
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by larger amounts, but still lic within the field of Apollo 15

ONBs. Of these seven samples, four have been an-,dyzed ats large

samples (15536, 15546, 1"5598 anal')-zcd here from the

powdcrs ofSchural'tz and Ryder, 1988, and 15(')05 anal}7.ed

by Ma et al., 1978). Three of thc._ large _amples are within

analytical uncertainty of at least one corresponding suhsample

and within twice the analytical uncertainty of both subsamples

(Fig. 5). The large _mplc of 15546 is much higher in FeO

,and TiO2 than either corresponding sub.¢_amplc (Fig. 5 ).

Two of the nine _mplcs studied herc, 15547 and 15636,

have suhmmples that differ significantly from c"ach other and

from their corresponding large samples. Each of thc_ has a

subsample that dcviates from the overall trend of Apollo 15

ONBs and does not lie along olivine control lines drawn

through the other ONB data (Fig. 5). These large differences

in composition a.ffect all the important major demcnts--Fe, Ti,

Si, Cal AI, and Mg.

Trace Elements

Differences in trace element concentrations among the nine

suhsanaple pairs studied here are shown in Fig. 6 for six

representative elements &s a function of MgO content. MgO

was chosen for the abscigsa to Facilitate comparison with the

major clement data in Fig. 5. Concentrations of compatible

elements such ms Cr and Co correlate positively with MgO

overall, which probably reflects control by olix4ne (Co) and

Cr-spinel (cr). Sevcr:dsuhsampie pairs Show distinct negative

correlations within this overall trend (Fig. 6). Details of the

Cr, Co, and MgO variations among the subsanaplc pairs suggest

_mlc dccoupling of oli_5nc and chromite. "

Incompatible trace elements such as I,a, Ta, Hf, and .qc

correlate negatively with MgO over:dl (,Is expected) and most

data scatter around simple olivine control lines (Fig. 6). Data

for the sniall sub_amples parallel that for the large samples I')u=t

with somcwtaat greater scatter? However, sub.samples that fail
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outside the not'naN ONB fields on major element plots (Fig.
5) show strong enrichments in La, Ta, and I-If which are not

consistent with subtraction of phcnocrTstic olixine or any

other major silicate phase (Fig. 6).

DISCUSSION

Chemical Evolution of the Olivine Normative

Basalt Suite

The chemical and petrologic data pre_nted above show that

"all nine of the samples studied here are low-silica ONBs similar

to tho_" described earlier from the Apollo 15 site (e.g., Rtx)des

and Hubbard, 1973; Cl_q_l_'ll and Grc,ett, 1973; Hehnke et al.,

1973; Dou'O' et aL, 19731. Variation diagrams show that the
overall trend of the data is consistent with the fractionation

of oli,,ine (plus minor Cr-spinel) from a high-MgO parent

magma (Figs. 5 and 6). OIMnc control lincs (dashed) are

generally parallel to the trend of the data; the exact position

of the control line depends on the olivine composition u._d

(Fo70 in this case) and the low MgO projection point.
One sample anal)-zed here, 15537, contains _13.0 wt.% MgO

and is the most primitive Apollo 15 low-silica ONB de_ribcd

yet. The two small st, b_mples anal)_ed here have composi-

tions that are nearly identical, despite the fact that the._

suhsamples werc taken from different parL_ of the parent rock

(see methods). Ks noted here and by R.l,der (1985), olivine

in 15537 occurs as small chadacrysts in pyroxene, not a.q

phcnocrTsts (Fig. lb). Thus, it seems unlikely that the high

MgO in thcse analyses is due to excess (nonrepresemative)

olixine in the subsamples. This is supported by the oh_rvation

that 15537 is not deficient in incompatible elements.

Least square mixing calculations using 15537 ,'L';the parent

magma indicate that about 12% olixine fractionation is needed

to modcl the most evolved samplc anal}7.cd here (15598);
about 17% olixine fractionation is needed to model the most

t,,-olvcd Apollo 15 ONB anal)7.ed prmiously (150851. These

results are consistent with previous suggestions of <15%

olivine fractionation (Rtx)des am/ Hubbard, 1973; Ctmppell

and Green, 1973; HehnL, e et al., 1973) when the more

primitive nature of 15537 is considered.

Causes of Chemical Heterogeneity

The dispersion of chemical data in replicate anal._.'ses can he

attrihutcd to two basic causes: analytical error and

nonrepresentative sampling. Deviations that exceed the

expected analytical uncertainty may be due to sampling

problems or to non_.'stematic errors (e.g., human errors).

,-qampling problems can be reduced by anal wJng samples that
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arc large enough to contain repre._ntativc proportions of the

constituent mineral pha._.s, hut this may bc impractical in

many situations.

Thc mart' ba.,,ahs studied here vao' from vcr 3' finc to medium

or coar._ in grain size, and from intergrant,lar or subophitic

to poikilitic-granular in texture. One of the fine-grained, 4.0

olivinc-phyric _mlplcs, 15598, shows significaqt ,,_u-i:tti()ns in

the compatible elements Mg, Cr, and Co, suggesting that the

olivine phenocr'}.'sts (and chromite inclusions ,;,,4thin them) 3.0

were not _mplcd rcpre_nt:ttiveh'. Chemical _riations created

by the nonrepre_ntative sampling of olivine are common c_'cn
in large samples of terrestrial rocks. However, in san3plcs that C_

,are saturated with olivine-only (such a_s thc Apollo ] 5 ONB _ 2.0

suite), the addition or subtraction of olivine d_.'s not rcmovc

the rock from its normal liquid line of descent--it merely -_

moves the rock toward or away from more primitive 1.0

compositions.

One result that is somewhat surprising is that the small

sub_amples of the medium-grained ba.,;alts are consistently

within the compositional range of Almllo 15 ONBs defined by

larger samples (Figs. 5 and 6). Compositional differences

be_vccn subsample pairs may exceed the an:d)'tical uncertain W

of the major clcmcnts somcwahat (generally by a factor of !css

than two), but credible fractionation trends can bc drawn

through the data, which tend to form linear arra).'s trending

away from olMne. Differences between the sub_mplc pairs

and corre_-)onding large samples show that _._aution must bc

exerci._d against tr3ing to squeeze too much from the data

(e.g., Binckq; 1976).

Subsanaple pairs of the coarsc-graincd basalts 1554 r' and

i 5636 differ dramatically in both their major element and trace

clement conccntnltions. The diffcrences exceed the expected

an-,dytical unccrtaint 3' significantly _md result in sub.gamples that

do not plot with other Apollo 15 ONBs. The_ _rnples .are

characterized by the heterogeneous distribution of late-forming

mesostasis ph_LveS such as fayalite and ilmcrfitc, and one sanaplc

(15636) is also hctcrogeneous with respect to plagioclasc and

pyroxenc. The mesost:tsis ph:Lscs (fayalitc, ilmcnite, glass,

cristobalite, ulw_spinel, and whitlockitc) tend to occur t2.0

together in the intcrstlccs lx:t_veen m'_c phx,_es (generally

pigeonite) where these interstices are not already filled by 10.0
plagiocl:Lsc (which cr)_t:dlizcs hch)rc the me_)stasis phases).

This competition between the mesosta.sis pha.scs and plagio-

clasc for the interstitial arca.s bctweeen the early forming marie E 8.0
silicates is graphically illustrated by the _arcit T of mesostasis o_

pha._s ha the plagioclasc-rich zones of samples like 15538. 6.0

Thc mc_stasis ph_._s contain much of the Fc (Fa)_alitc, _o

ilmenitc) and almost all of the TiO,, Ta, and Hf (ilmenitc, 4.0

ulvospincl), P20_, and REE (whitlockitc), and U and Th (gla.ss)

found in these ._amplcs. This results in the positive correlation
2.0

between FcO and TiO2. P.,Os, and La obser'vcd (Fig. 7). The

trcnd of the data in Fig. 7 is at a high anglc to possible olivine

control lines and cannot be due to olivine subtraction or

addition. Man)' of the._ ph,'LseS arc al._) low in SiO, (fa}_lite,

ilmenitc, spinel, whitlockitc), resulting in a negative correla-

tion between these elcmcms and SiO_,. Apparently the silica-

rich gla.ss and cristob',ditc are not abundant enough in thc.,a:

clots Io cause silica enrichment.

The importance of mc.,_)St:Lsis ph;Lvc distribution is illustrated

by the medium-grained IXL_Its that have suhsanlplc pairs that

arc es_'ntially identical to one another. "Itlc_" _mples ,art"

characterized b)' small mc.,a_st:Lsis clots that arc more or Ic_,;
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evenly distrihuted throughout the _ample. The x,ariation seen

between somc of these subsanaplc pairs is not much larger

than that oh_n'ed by Scburaj,tz aml R),dt, r (1988) between

4-or 5-g sub,tropics of 15555 anti 15556. These samples can

bc used to model the geochemical evolution of the ONB suite

despite the small size of the suhsanlples analyzed, a.s long a_s

due consideration is given to the effects of analytical

uncertainty on the results.

Hask#l and Korotet, (1977) were the first to document the

effect of mcsosta.sis distrihution on bulk anal)_cs of small marc

basalt fragments. They found that smaIl, 5- to 7-rag subsamples

of basalt 70135 may differ by a factor of 20 or more in

incompatible trace element concentrations, especially the REE,

Ta, and Hf (Hask#l and &Y_rote_; 1977). They also found that

.separate sub_mplcs of this 1)a.salt weighing 0.25 to 1.4 g may

have trace clement concentrations that vary by up to a factor

of four--enough to significantly effect an), trace clement

models ba.sed on the_ anal)_'ses (Haskhl and Korotev, 1977).

Ha.skin and Korotev attribute them chemical variations to

differences in the proportions of mesostasis phases (printarily

glass and ilmcnite)present in each subsample.

Them results are consistent with the so-called "short-range

unmixtng" model of Lindstrom and Haskin (1978, 1981).

They propo_d that chemical variations observed between

hand samples from a single lax'a flow of Icelandic basalt, and

wdthin different suites of lunar marc basalt, could be expl,'Lined

by nonuniform distribution of the primary mineral phases and

an incompatible-element-rich mesostasis. The), show that

nonreprescntative samples may be characterized by combina-
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Fig. 8. MgO _,'s. SiO2 plot for Apollo 15 marc basahs. Stars=
low-silica ON_q clasts in breccia 15498 (Vetwr et aL, 1988);

otx.'n crosses = low-silica ONBs (Rf_Mes aml ltubbard, 1973);

pluses= low-silica ONBs studied here (small sub_mples);
crosses = large sub_camples of low-sifica ON13s prodt, ced by

Scburaytz amt Rydgr (1988), data fnml Table 2; open circles =

QNB clasts in brecia 15498 (Vetter et _d., 1988); asterices=

large QNrl3 ._lmp|es (R/xMes and Itubbard, 1973): diamonds =

high-silica ONB clasts in breccia 15498 (Vetter et al., 1988);

triangles = olivine-pyroxene cumulate cl:tsLs in breccia I"5498

(Vetter et al., 1988). Dashed lines repre_nt IX)_sible olixine

control lines or pigeonile control lines ha._d on bigh-Mg

olivine and pigexmite phenc_-q'st compositions.

tions of minerals and me.,_)st_sis that are not petrologically

likely (e.g., olivine plus gla.,<s) and that the mcsostm,;is could

separate from the other ph.'Lses at an)' stage during ct3_talli-
zation. LincL¢trom aml H_kin (1978, 1981) note that much

of the incompatible element variation between samples from

a single flow can be attributed to the nonunifoma distribution

of the me.costa.sis (LintL_trom and Haskin, 1981 ). Our results

support this conclusion for marc basalt samples, where

distribution of thc mcsostasis in small subsamples appears to

be even more important than in terrestriM rocks.

Application to Breccia Clast Studies

One goal of this stud), is to evaluate the rcliability of the

small subsamples normally used in breccia clast studies. The

primary limitation in these studies is impomd by the size of

the clast, not the Lunar and Plancta_' Sample Team. Breccia

clast samples allocated for chemical ,-mal)_is are commonly in

the lO0-mg r,_ge, and in some cases even smaller. Despite the

problems inherent in anal)7ing small _amples, the wide array

of potential samples not available in the large sanlple suite

make thc_ studies necessary and even desirable.

Vetter et aL (1988) investigated 25 mare basalt clasts

extracted from lunar breccia 15498. Eleven of these clasts

proved to be olix'ine normative, but three are chemically

distinct from all previously studied ONB suite samples. The_

three clasts, xxahich constitute the "high silica ON'B" group of

Vetter et al. (1988), are lower than normal ONBs in TiO2 and

FeO, and higher in SiO2 (Fig. 8). Vetter et al. (1988) noted

that these three clasts closely resemble ba_salts of the QNB

suite, but are olivine normative because of their high MgO

concentrations. They propose that the high-silica ONrB cl,xsts

in 15498 represent primitive magm:L_ that were parental to

ba_salLs of the QNB suite. This view is .supported by a single

large sample, 15065, which is grouped with the QNB suite

even though it is slightly olivine-normative (Rhodes and

ltuhbard, 1973).

Another possible explanation for the high-silica ONrBs is that

the'},' are nonrepresentative samples of normal ONB suite basalt.

In this scenario, the high-silica ONBs arc interpreted as

spurious rumples which resuh from the analysis of small

sub.samples of coarse-grained, heterogeneous, low-silica ONBs.

The .samples anal}xed by Vetter et al. (1988) weighed only

100-150 mg, xx_ich is common for breccia cla.st studies but

much smaller than the 4 to 5 g preferred for norm:d hand

_ecimens ( e.g., Schuraytz atul R),¢&'_; 1988).

Our results reported here can be used to test this

h,qx)thesis. The high-silica ON'Bs are medium-grained ba.salts

similar to sevcral of tho.se studied here, and the subsamples

analyzed by Vetter et al. (1988) were the same size a.s ours.

Several lines of evidence support the conclusion of Vetter et

a/. that the high-silica ONBs do represent a distinct rock t3.T)e
that is not related to the low-silica ONB suite.

!. The most dex4ant samples of ONB studied here (15547,

15636) are characterized by the concentration of mc_)stasis-

enriched areas in the subsample an'al)_ed. This concentration

of the me_)stasis clots results in sub,tropics that are higher

in leO, TiO z, and the incompatible trace elements such as l.a,



122 Proceedings of the 20th lunar and Platt¢'lar F Scic'tlet' C'ottf_,retlt'e

_1_, and Hf, and lower in CaO, AI.,O_, MgO, :rod Si(')e, The high-

silica ONBs are lower in FcO and TiO_ th;m the low-silica

ONBs, suggesting a dcpletion in mcsostasis, but have

incompatihlc element concentrations that are similar to both

the low-silica ONB suite and the QNB suite. Unlike the most

dtMant sanlples studied here, the high-silica ONBs have maior

and trace element concentrations that fall on snloot]t trends

with other Apollo 15 marc hasalts; they are not depicted in

incompatihle elements ms would be expected if tlicy formed

hy suhtmction of mesostasis clots from the hulk rocL

2. The deviant ONB san_ples studied here are characterized

by heterogeneous distrihution of mesostasis-rich clots

containing fay',xlitc, ilmenite, cristohalite, glass, and whitlockite.

The high-silica ONBs do not contain ,'my fa}_litic olivine, glass,

or whitlockite, llmenite and cristohalitc do occur, but they are

m,,enly distrihuted through the .sections and do not form large
me.,_)stasis clots.

3. One olivine-phyric ONB studied here (15598) exhihits

_ariations in big, Co, and Cr that suggest that olMne may be

heterogeneously distributed. Although the high-silica ONB

sanlples studied hy Vetter et al. (1988) may be enriched or

depleted in olivine, this ,,,,,ill not move the sanaples off of their

normal liquid line of de._ent because olMne is the primar3'

liquidus phase in both the ONB suite and prinlitive members

of the QNB suite.

4. A cursor 3- examination of Fig. 8 suggests that enrichment

of a low-silica ONB in pigeonite could create a high-silica ONq3.

This suggestion is wrong for stweral reasons. First, thin sections

of high-silica ONB s:unples are not noticeably enriched in

pigeonitc. _-cond, sufficient enrichment of a low-silica ONq3

with pigeonite would lower the incompatible clement

concentration of the rock significantly; this is not observed.

Third. pigeonite enrichment would "also enrich ._; this is not

obseta,ed. Fourth, least squares mixing models are not

consistent with this explanation for the other chemical

elements not shoxx'n on Fig. 8.

5. Short-range unmixing calculations ( l'ett_" et ed., 1988)

show that compositional ranges within 15498 habit suites

cannot bc due to short-r'ange unmixing, hut must represent

fractional c_'stallization of the liquidus phases. Differences

bcm,een suites require at least two separate parent magmas

(Vetter et aL, 1988),

In st, mmar3", our d:tta on small subsamples of mare hasalt

suggest that certain g.'stematic variations can be expected if

the_ suhsanlples deviate from the bulk composition of their

parent rock becaum of nonrepre._'ntative sampling. The high-

silica ONBs of 12,tter et aL (1988) exhibit variations from the

nom_al, low-silica ONB group that are not consistent with

tho.m cau,_d by nonrepresentative sampling. This supports the

conclusion of l'etter et cd. (198g) that thc high-silica ONB

group is a distinct rock t3'pc that is not related to the normal,

low-silica Apollo 15 ONB suite.

CONCLUSIONS

The nine samples studied here ,arc all nomlal low-silica

olivine normative hasalts similar to other Apollo 15 ONP, s

de._ribed previously ( Rt_)des and tlubbard, 1973; Mason el

al., 1972; Cbappell and Green, 19-'3: Helmke et aL, 1973).

One _mlplc anal)7.ed for this investigation (15537) is primitive

in composition and may represent the ONB parent magma;

other samples studied here can bc related to it hy up to ! 2%

olivine fractionation. There is no evidence to suggest more

than one low.silica (')NB magma ,_rics.

Small suhs,'mlples of Apollo 15 ONBs may approximate the

ht,lk rock if the l:ltc mesostasis pha._-s are t._'enly distrihuted

throughout the ,_amplc and do not fl_ml large clots that can

he fractionated into or from the suhsample during ,sampling.

_Xlaere this does occur, s3,,stematic enrichment or depletion of

the subsample in FeO, TiO2, and the incompatible trace

elements can result. Enrichment may also deplete the sample

in SiO_,, AIzO_, and CaO; depiction will have the opposite

cffect. These trends are consistent with the short-range

unmixing model of Lindstmm and lh¢skin ( 1978, t 981 ).

These results can be applied to breccia clast studies to show

that a new group of high-silica ONBs de,_'rihed by Vetter et

cal. (1988) from hreccia 15498 arc a distinct rock ty.pc that

is not related to the low-silica ONBs normally fimnd at the

Apollo 15 site. The high-silica ONBs have trace clement

concentrations that arc in the range of Apollo 15 mare ha.salts,

and so cannot represent low-silica ONBs that have been

depleted in mesostasis-rich areas by the sanapling process.
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APPENDIX 1. Rcprest.ntatjvt. olivine compositions fi)r Alx)lh) 15 marc ba.,<dts.

15536 15538 15537 15546 15547

Avg. Avg. Avg. A_g.

SiO, 37.7 31.7 38.2 35.8 343 36.3 37.3 33.3 35.7 37.2 29.9 34.0 35.2 32.8 34.3
Ft.O 26.80 59.06 30.76 35.66 43.60 38.03 29.24 49.90 36.63 31.39 (,6.47 46.62 36.82 49.37 42.56

MnO 0.25 0.58 0.32 0.39 0.47 041 0.30 0.37 0.36 0.32 0.74 0.45 0.35 0.50 0.42

MgO 35.31 8.65 29.20 27.95 21135 24.58 33.38 16.90 27.32 31.44 2.35 17.96 26.87 1591 22.11
CaO 0.28 0.52 1.58 0.32 0.27 0.74 0.21 039 0.31 0.21 0.50 0.67 0.35 0.38 0.33

Cr,O._ 0.22 0.03 0.28 0.09 0.16 0.19 0.21 0.08 0.17 0.14 0.O0 0.54 0.22 0.06 0.13

Tota] 100.59 100.65 100.75 100.29 100.22 100.40 100.68 101.03 tOO.56 100.75 100.27 100.43 99.83 99.12 99.94

Si 0.996 0.998 1.027 0.994 0.995 1.014 0.997 0.990 0.994 1.003 0.994 1._)1 0.989 0.997 0.994

Ft" 0.593 1.557 0.704 0.829 1.058 0.896 0.654 1.241 0.857 0.708 1.845 1.170 O 8X-,6 1.254 1.033
bin 0.006 0.015 0.007 0.009 0.012 0.010 0.007 0.009 0.009 0.00" 0.021 0.O 12 0.008 0.013 0.010

Mg 1.392 0.407 1166 1157 0.923 1.029 1.331 0749 1.129 1.265 0.116 0.768 1.127 0.-21 0.952
Ca 0.008 0.01-' 0.044 0.010 0.009 0.021 0.006 0.012 0009 0.00¢_ O.018 0.021 O011 0.012 0.010

Cr 0.005 0.001 0.006 0.002 0.004 0.004 0.004 0.002 0.004 0.003 0.000 0.012 0.005 0.001 0.003

Sum 3.001 3.000 2.964 3.003 3.002 2.980 3.001 3.007 3.004 2.995 3.002 2.990 3.007 3.001 3.004

Fo 69.94 20.54 61.59 58.01 46.33 53.36 66.82 37.46 56.62 63.86 5.87 3967 56.30 36.25 4".-t

Fa 30.06 "9.46 38.41 4200 53.67 46.64 33.18 62.54 43.38 36.14 94.13 6033 43.-0 63._5 52.29
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APPENDIX 1. (continued).

15548 15598 15605 15636

Avg Avg.

SIO, 37.2 33.9 35.8 36.6 34 6 37.0 35.1 31.7 34.3 35.8 3(1.7 34.5
FcO 29.89 46.13 3_,36 33,fi4 43.62 37,31 38.68 5_.54 44.17 3"_.91 61.77 42."3

MnO 0.25 0.35 0.34 0.33 0.47 0.37 11.37 0.5,i 0,43 0.32 0.60 0.44

MgO 32.84 19.37 28.14 29.67 21.60 24.84 25.49 12.09_ 21,29 27,39 6.48 22,42
(_O 0.27 0.29 0.28 0.26 0.34 0.8-i 0.29 0,32 0.34 0,28 0A6 0.37

Cr2153 0.15 0.09 0.14 0.18 0.12 0.17 0.19 0.04 0.13 0.82 0.01 0.18

Total 100.67 100.30 100,I0 100.52 100.82 100.79 100.22 100.38 100.71 100,64 1OO. 17 1011.76

Si 0.999 0.996 0,995 0,996 0.997 1 025 0.993 0.984 0.992 0,993 0.991 0.992

Fc 0.670 1.133 0.825 0.771 ] .051 0,872 0,914 1.441 1.073 0.833 1.067 1,034

Mn 0.006 0.009 0.008 0,008 0.O1 I 0.009 0.009 0.O14 0.011 0.007 0.017 0.011

Mg 1.313 0.848 1,163 i.2i2 0,927 1.030 1.074 0.559 0.915 1,133 0.312 0.951
Ca 0.008 0.009 0.008 0,008 0.011 0.024 0.009 0.010 0.010 0.008 0,016 0.011

Cr 0.003 0.(R)2 0.003 0.004 0,003 0.004 0.004 0.001 0.003 0.018 0.000 0.004

Sum 2,999 3,( RiO 3,003 3.001 3.001 2.970 3.005 3.015 3.006 25)96 3.006 3,005

Fo 66,00 42.62 58.26 60,88 46161 53,84 53.77 27.76 452'7 57.40 15,62 47,66

Fa 34.00 57.38 41.74 39.12 53,39 46.16 46.23 72.24 54.23 42.60 84.38 52.34

APPENDIX 2. Rcprcscntativc pyroxenc com[x_sitions for Apollo 15 marc basalts.

15536 15537 15538 15546 155a7

SiO, 52.5 51.2 47.6 51.9 49.9 49.0 CJl.8 50.2 50.5 52.4 51.6 48.3 53,6 50.9 47.3

TiO2 0.52 0,83 1.33 0.34 1.07 1.15 0.45 0.92 0.94 0.45 0.62 0.83 0.27 092 l I o

AI20 _ 132 2.39 1.62 1.08 3.38 1.62 0.94 2.44 2.26 1.31 1.87 0.84 0.73 2.79 1.32
FcO 19.13 14.3_ 29.43 19.61 13.63 24.93 21.95 16.91 1-.23 18.38 1-.02 31.46 18.99 12,40 32.77

MnO 0,25 0.27 0,51 0.28 0.22 0.38 0.43 0.39 0.34 0.35 0.33 0.42 0.26 0.30 046

MgO 20.90 15.88 5.10 20.71 15.02 10.39 18.85 16.37 16.60 20.39 1820 7.47 21.42 15.05 5.98
CaO 5.10 14.50 14.36 4.94 15.15 11.42 5.42 11,54 10.89 5.61 9.19 9.72 4.22 16.08 10.32

Na,O 0.02 0.07 0.06 0.O0 0.04 0.04 0.02 0.02 0.04 0.03 0.03 0,04 0.05 0.04 0.03

Cr203 0.78 0.86 0.17 0.51 0.88 0.27 0.38 0.82 0.74 0.76 0.85 O. 11 0.43 1.05 O. 14

Total 100.50 100.32 100.20 99.39 99.29 99.17 I00.25 99.57 99,55 99.72 99.75 99.23 100.02 99.51 9938

Si 1.945 1.914 i.926 1.951 1.896 1.936 1.954 1.902 1.913 1.956 1.936 1.962 1.985 1.912 1,936

0,015 0.023 0.040 0.010 0.031 0.034 0.013 0.026 0,027 0.013 0.017 0.025 0.008 0.026 0.034
AI 0.058 0,106 0.077 0.048 0.151 0,0"5 0.042 0.109 0.101 0.057 0.082 0,040 0.032 0.124 O.01_

Ft" 0.593 0.449 0.995 0.616 0.431 0.824 0.692 0.536 0,545 0.573 0.534 1.068 0.588 0.390 1.122

Mn 0.008 0.008 0.017 0.009 0.007 0.013 O.014 0.013 0.011 0.011 0.010 O.014 0.008 0.010 0.016

Mg 1.155 0.886 0.307 1.100 0,847 0.612 1.060 0.925 0.937 1.134 1.0t7 0.452 1.182 0.843 0.365
Ca 0.203 0.582 0.622 0.199 0,614 0,484 0.219 0.469 0.4,t2 0.224 0.369 0.423 0.167 0647 0.453
Na 0.002 0.005 0.004 0.000 0.003 0.003 0.001 0.0OI 0.003 0,002 0.002 0.003 0.004 0.003 0.002

Cr 0.023 0,025 ODO6 0.015 0.026 0.008 0,011 0.024 0.022 0,022 0.025 0.004 0.013 0.031 0,OO5

Sum 4.000 3.999 3.995 4.008 3996 3.989 4.007 4.005 4.000 3,992 3.993 3.992 3,987 3.986 3.997

Fc/ 34.2 34.0 76.7 35,0 34.1 57,8 40.0 37.2 37.3 34.0 34.8 70,5 33.5 32A 75."

Fc+Mg
"_k) 10.3 30.2 32.0 10,0 32.3 25.0 11.0 24,1 22.8 11.5 19.1 21.6 8.6 34.3 23.2

En 59,0 46.0 15.8 58._ 44.6 31.7 53.4 47.6 484 58.4 52.7 23.1 (*0." 4,t,6 18.-

Fs 30.7 23.8 52.1 31.5 23.1 43.3 35.6 28.3 28.8 30.1 2g.2 55.3 30.6 21.1 58.2



APPENd)IX 2. (continued).

,_herr,afs e! al - ,%td_sample hererogenei O' 12%

15548 15598 15605 15636

Si(): 52.6 50.4 48.2 52.4 51.2 47.7 52.8 _,0.4 47.9 _2.9 51.6 48.6

"HOg 11.,i3 0.88 0.79 0,41 0.78 0.9-i 11.41 0.87 0,85 0,40 0.80 1.12

A]20_ 1.29 2.51) 11.87 1.19 2.33 1.20 1.08 2.(',4 0.81 1.04 2.20 1.38
FcO 20.33 16.81 33.23 19.96 17.18 36.29 20.36 16.41 32.07 19.09 15.33 31.03

MnO 039 0.30 0.40 0.39 0.33 0.43 1t.34 0.28 0.41 0.31 0.29 0.40

MgO 19.69 17.00 7.12 21t.51 16.71 7.44 19.91 15.91 _;.19 20.70 16.94 7.89
Ca() 5.09 10.31 9.37 %.07 10.81 5.99 5,18 12.33 11.88 5.22 12.33 10.29

Na20 0.00 0.07 0.02 0.00 0.03 0.02 0.04 0 05 0.04 0.03 0.02 0.02

Cr203 11.66 0.91 0.07 1t.51 0.85 0.17 0.41 0.74 0.19 0.56 0.82 0.20

"li)tal 100.48 99.20 100.04 100.44 100.25 100.16 100.55 99.(,4 99.36 100.23 100.35 100,93

Si 1 .tX_O 1.909 1.953 1.951 1.922 1.941 1.965 1.90"r 1,963 1.91,4 1.925 1.935

Ti 0.012 0,025 0.024 0,012 0,022 0.029 0.012 0.025 0,026 0.011 0.022 0.034

AI 0.056 0.111 0.041 0.052 0.103 0,058 0,047 0.118 O.O39 0045 0.097 O,O65

Fc 0.633 0.533 i.l,'_"_ 0,622 0.539 1.236 0,634 0.519 1.099 0.593 0.478 1,033

Mn 0.012 0.010 0.014 0.012 30.011 0.015 0.011 0,009 0,014 0.010 0.009 0,014

Mg 1.093 0,960 0.430 1.138 0.934 0.452 !. 104 0,897 0.317 1.146 0.942 0.468
Ca 0.203 0.419 0.407 0202 0.434 0.261 0.206 0.500 0.521 0.208 0.493 0.439

Na 0.000 0.006 0,001 0.000 0.002 0.002 0.003 0.004 0.003 0.002 0.001 0.002

Cr 0.020 0.027 0.002 0.015 0.025 0.005 O012 0.022 0.006 0.016 0.024 0.006

Sum 3.990 4.000 4.001 4.004 3.992 3.999 3,994 :i.000 3.989 3.995 3.993 3.996

Fe/Fe+Mg 37.1 36. I 72.6 35.8 37.0 73.5 36.8 37.1 77.8 34.5 34.1 69.1
Wo 10.5 21.8 20.6 10.2 22.6 13.3 10.6 26.0 26.7 10.6 25.6 22.5

En 56.3 50.0 21.8 57.6 48.7 23.0 56.5 46.6 16.2 58.6 49.0 24.0

Fs 33.2 28.2 57.7 32.1 28.6 63.7 33.0 27.4 57.0 30.8 25.4 53.6

APPENDIX 3. Rcprc,_,ntativc plagioclase compositions for Apollo 15 marc basalts,

15536 15537 15538 15546 1554_

Avg Avg Avg. Avg Avg.
SiO2 46.5 49.6 47,7 46.4 48.4 47.7 46.0 49.0 48.3 46.4 48.8 47.3 46.6 49.5 4"7

AI,O_. 34.31 31.59 33.18 33."4 32.41 33.06 34.26 3 l.'V6 32.19 34.06 32.38 33.65 33.95 31.57 32.86
FeO 0.43 1.00 11.61 061 056 0.61 0.53 0.83 0.71 0.43 0.61 0.51 0.41 0,85 0.(,4

MgO 0.19 0.15 0.22 0.25 0.33 0.31 0.18 0.10 0.29 0.21 0.18 0.22 0.20 0.07 0.19
CaO 18.51 16.57 17.82 18,50 17.09 17.90 19.01 16.69 17.73 18.36 17.02 17.96 18.42 16.44 I".52

Na20 0.74 1.55 1.05 0,82 1.16 0.96 0.61 1.50 0.84 0.76 1.27 0.95 0.74 !.22 1.11

K20 0.02 0. I 1 0.05 0.02 0.04 0.03 0.01 0.14 0.03 0.03 0.06 0.03 0.03 0.50 0.10

Total 100.71 100.59 100.73 100.39 100.08 100.63 100.67 100.12 100.17 100.29 100.39 100.65 100.45 100.13 100.19

Si 2.125 2.261 2.180 2.134 2,217 2.179 2.112 2.247 2.212 2.132 2.228 2,161 2.138 2.2&5 2.190

AI 1.850 1.697 1,786 1.828 1.749 1.781 1.853 1.715 1.741 1,844 1.742 1.812 1.834 1.704 1.777

Ft_ 0.017 0.038 0.023 0.023 0.021 0.023 0.020 0.032 0.027 0.017 0,023 0.020 0.016 0.032 0.02¢;

Mg 0.013 0.010 0.015 0.017 0.022 0.021 0.012 0.007 0.019 0.014 0.012 0.015 0.013 0.00% 0,013
Ca 0.907 0.809 0,872 0.91 I 0,838 0,876 0.935 0.819 0.872 0.903 0.832 0.879 0.905 0,80_ 0.862

Na 0.066 O. 137 0.093 0.073 0.103 0.085 0.054 0.133 0.075 0.067 0.112 0.084 0.066 0.108 0.099

K 0.001 0.006 0.003 0.001 0.003 0.002 0.001 0.008 0.002 0.001 0.003 0.002 0.002 0.029 0.006

Sum 4.981 4.9(-,0 4.973 4.989 4,958 4.971 4,988 4.9(-,4 4.952 4.980 4.957 4.975 4.976 4,951 4.972

Ab 6.8 14.4 9.6 7.4 10.9 8.9 5.5 13.9 7.8 6.9 I 1.9 8.7 6.8 11.5 10.2
Or 0.1 0.6 0.3 0.1 0.3 0.2 0.1 0.9 0.2 0.2 0.3 0.2 0.2 3.1 0.6

An 93.1 85.0 90.1 92.5 88.8 90.9 94.5 85.3 91,9 92.9 8".8 91.1 93.0 85.4 89.2
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APPENDIX 3. (cominucd).

15548 15598 15605 15636

SiO.,

At20_
FcO

MgO
CaO

NazO

KzO

Total

Si

AI

Fc

Mg
Ca

Na

K

Sum

Ab

Or

An

Axg.
4".4 47.6 47.6

33.16 32.12 32,81

0,69 0.87 0.78

0.30 0.28 0.26

18.13 17.50 17.85

0,95 1.04 1.01

0.02 0.06 004

A_g. A_'g. A_g
46.7 48.1 47,2 46.6 48.8 47.2 46,5 47.6 47. I

34. l 7 32.70 33.6'_ 3-i.02 32.14 33.38 33,76 33.51 33.49

0,56 0.60 0.61 0.51 1.11 0.67 O.48 0.(_4 0.53
O.17 0.36 0.23 0.20 0.07 0.20 0.25 0,20 0.25

18.27 17.61 18.14 18.41 17.118 18.06 18.33 17.72 18.13

0,83 1.06 0.94 0,70 107 O.91 0,78 1.I 1 0.9.6

0.03 0.03 0.03 0.04 0.41 0,07 0.04 0.05 0.03

100.72 99.58 100.43 100.77 100.51 100.87 100.47 100.79 100.54 100.16 100.88 11Fo.55

2,168 2.201 2,183 2.134 2,199 2,155 2.135 2,227 2,161 2,138 2,171 2,157

1,787 1,749 1,772 1.841 1.761 1.8I ] 1.838 i.730 1.803 1,831 1,801 1.811"

0.027 0.034 0,030 0,021 0,023 0,023 0.019 0.043 0,026 0.019 0.024 0,020

0.021/ 0,019 0.018 0,012 0,025 0.015 {).013 0.005 0,014 0.017 0,013 0.017

0.888 0866 0,8"77 0 895 0.862 0,887 0,905 0,836 0,887 0.904 0,866 0,890

0.084 0.094 0.090 0,074 0,094 0.084 0,062 0,095 0,080 0,070 0.098 0.083

0.001 0,004 0,002 0.OO1 0.O01 0,002 0.002 0,024 0.004 11.O02 0,003 0.002

4,978 4,970 4.975 4.981 4,966 4.980 4.976 4.963 4.977 4.98i 4.978 4,979

8.6 9,7 9.3 7.6 9.8 8.6 6.4 9.9 8,3 7.1 I0.1 8.6

0.1 O.4 0.2 0.2 0,2 0.2 0.2 2.5 0.4 0.2 0.3 0.2

91.3 89.9 90.5 92.3 90.0 91.2 93.4 87.6 91.3 92,7 89.5 91.3
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Petrology and Geochemistry of Olivine-Normative and Quartz-Normative

Basalts from Regolith Breccia 15498: New Diversity in /Ogat_ /0,_f

Apollo 15 Mare Basalts _ _ / O _7/a ¢

Scott K. Vetter and John W. Sher_

Department of Geology, Untvemtty of South Carolina, Columbia SC 29208

Nadlyn _ i2md_mm

Planetary Materials Branch, Code SN2, _ Johnson Space Center, Housto_ IX 77058

Mare basalt clasts from regolith breccia 15498 are divided into olivine normative basalts (ONB) and
quartz normative basalLs (QNB), based on major element chemLstry. The QNB are characterized by
high SiO2 (46.5-48%), Fed< 21%, TiO2 of 1.6%-2.6%, and low compatible element concentrations.
The QNB suite in 15498 extends to more evoked compositions than previously reported at Apollo
15, and can be divided into four groups: primitive, intermediate/l, intermediate/2, and evolved. Variations
within each group can be explained by short-range unmixing of the modal components; _ariations between
groups result from fractional crystallization of olivine (earl)'), pigeonite, and augite (late). The ONB
suite in 15498 is divided into three subgroups, based on variations in SiOv MgO, and TiO2: (I) Iow-
SJO 20NB, (2) high-SiO2 ON'B, and (3) olivine-pyroxene cumulates. The Iow-SiO20NB are geochemically
identic,'al to the ONB suite described by earlier studies. They are characterized by low SiO2 (44-46%),
high Fed (20-23%), and "IiO2 of 2.2-2.5%. The high-SiO20NB are characterized by high SiO2 (47-
48%), high MgO (9.7-12.7%), low TiO2 (1.65-1.9%), and low Fed (19.7-20%). The olivine-pyroxene
cumulates have the highest MgO and lowest incompatible dement concentrations, and one sample contains
cumulus augite. Least-squares mixing models show that the more evolved QNBs can be derived from
parent magmas similar to the primitive QNBs by crystal fractionation of pigeonite, olivine, and spinel.
Variations within the low-SiO20NBs can be explained by olivine fractionation. However, the low-SiO2
ONBs cannot be parental to any of the QNB la_s. Similar modeling calculations show that the high-
SiO20NBs may be parental to the QNB suite, documenting the first link between ONBs and QNBs
at the Apollo 15 site. The composition of the high-SiO_ ONB parent magma is the identical to the
h,,pothetical QNB suite parent postulated by Omppe//and Green (1973).

INTRODUCrION

A primaQ' goal of the Apollo 15 mission was to .sample mare

basalts from Palus Putredinis, where mare stratigraphy is

exposed to depths of over 500 meters in Hadley Rifle, a major

lava channel. Over 76 kg of basalt were returned from several

widely spaced stations. Although the wails of Hadley Rille were

not sampled directly, sampling of crater ejecta near the rifle

provides reasonable hope that some of the stratigraphic

sequence visible in the walks of the rille was sampled.

resorbed oli_Sne phenocr)_ts may be found in the more

primitive .samples (always accompanied by pigeonite).

Chemical x_riations observed x_ithin each of th_,e suites are

attributed to near surface cr3_tal fractionation of the liquidus

phases--olivine in the ONB, pigeonite in the QNB (R/_des

and Hubbard, 1973; Mason et al., 1972; ooappell and Green,

1973). This conclusion is supported both by major element

mixing calculations and by the small range in trace element

concentrations.

The ONB and QNB groups as defined by these earl)' studies

Earl), studies of the Apollo 15 mare basalt suite (Rhodes, cannot be related to one another by low pressure ct3,tal

t972; Rhodes and Hubbard, 1973; _lI and Gre_z, 1973;

Helrnke et al., 1973; Dou,ty et aft., 1973) established that two

distinct groups are represented: the olivine-normative basalts

(ONB) and the quartz-normative basalts (QNB). Distinctions

between these groups are based on both petrography and major

element geochemistry. The ONB group is characterized by low

SiO2, higher TiO2, higher Fed, and lower Mg#s than the QNB

group. The ONB group is also characterized by both normative

and modal olivine. Modal olivine commonly occurs as large

phenocrysts that art: apparently in equilibrium with their

groundmass (Papike et al., 1976). The QNB lax-as have higher

SiO2 and Mg#s and lower TiO2 and Fed than the ONB, and

are characterized by quartz-normative compositions. Pigeonite

is the most common phenoct3,t phase, but relicts of partly

fractionation (_s, 1972; Rhodes aml Hubbard, 1973;

_//and Green, 1973; Helmke et al., 1973; Dowty et aL,

1973). The combination of high Mg#, high SiO2, low TiO2,

and silica saturation in the QNB precludes a relationship to

the ONB ,suite by simple removal of the liquidus minerals

(olivine and pigeonite). These characteristics also preclude a

similar relationship to the Iow-'H mare basalts of Apollo 12.

The average L_otopic age data show that the ONB suite is

slighdy younger than the QNB (3.2 aeons versus 3.3 aeons;

BVSP, 1981, p; 951). Dutw_an eta/. (1975) and LSPET (1972)

determined that the dominant mare component of the Apollo

15 soils is ONrB. The younger isotopic ages and regolith

compositions lead to the conclusion that the ONB repre_nts

a thin flow or series of flows that stradgraphically overlie the

2_j_
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QNB flow. The number of QNB flo,a_ and thus ix)ssiblc number

of parcm magmas, however, remairLs ambignaous. Comparimn

of textural variations in the QNB .suite w_ith experimental

crystMtization studies (Lofgren et al., 1975) suggests that all

of them samples may bc derived from a single flow two to

three meters thick. This conclusion is supported by the small

rang(, in major element comr, ositions. Howcz,6r, th, lmke et al.

(1973) cite variations in REE concentrations and Sm/Eu ratio

to suggest two or three parent magma.s. Further progress on

the origin of this iml-_rtant ba.,_tlt group has been thwarted,

however, by the small number of .samples awailablc for stud)'.

_-veral of the regofith breceias returned by the ApoUo 15

mission contain abundant clasts of mare basalt that can be

used to expand our knowledge of the range of ba._alt t3pes
pre_nt and their petrogenesis. The cla.sLs in these breccias

were essentially overlooked during the first ._lection and

anal}.,sis OfAlx)llo 15 _mrnples in the early 1970's. Recent studies

have shown that these breccia claksts can dramatically increase

our dat',d)ase at a particular site and yield significant new insights

into the origin of mare ba.salt.s (eg., Taylor eta/., 1983; Sbert_¢

et al., 1985a,b; Neal el al., 1987).

This report presents results of a consortium investigation

of 25 mare basalt clasts from a new slab (,141) and ex.isting
chips of lunar breccia 15498. Our data show that the olivine-

normati,,;c basalts at Apollo 15 can be subdivided into three

groups: (1) a low-silica group identical to the ONB suite

characterized by earlier studies; (2) a high-silica group that

is parental to the quartz-normative basalts, and (3) olivine.

pyroxene cumulates that may be related to the e_,olved QNBs.

Our data also show that the QNB suite extends to more evolved

compositions than were previously recognized. Major element

fractionation models for the combined QNB_high-SiOe ONB

groups show that the)' can be related by earl)' olivine

fractionation, followed by pigeonite and then augite

fractionation. The Iow-SiO20NB group cannot be related to

either of the other groups by low pressure fractionation, a._

shown by major element models and trace element data.

GEOLOGIC SETrlNG

The Apollo 15 lunar module landed in Palus Putredinis, a

small outlier of mare basalt in the lunar highlands located on

the SE margin of the Imbrium Basin. This site offered several

important mission objectives, among them the opportunity to

observe in situ mare basalt stratigraphy in the wails of Hadley

Rillc. Panoramic photographs of the western wall of the Ritle,

coupled with astronaut de._riptions, show that at least three

flows are present in the upper 60 m of the mare across from
Stations 9 and 10.

The uppermost flow forms -dark haddy outcrops --6 m thick

immediately below the regolith. Based on the high proportion

of olivine-normative basalt in the regolith, this flow is commonly

interpreted to repre_-nt the ONB flow ._ampled at ,_weral

locations (ALGIT, 1972). Below this flow, and separated from

it by a short covered interval, is a massh'e outcrop, 15-20

m thick, of light-colored basalt. This may represent a single

flow since no internal layering is apparent, and because talus

blocks thought to derive from it are more than I 0 m across.

Tbc lowest exlx)sed "flow _' is a layered outcrop 8 to, 16 m

thick that contains at least 12 distinct layers 1-3 meters thick-

These may represent separate flo_._ or flow units, or merely

fr'acturc .surfaces within a single flow. The lower and middle

units may comprise the QNB suite .samples that dominate the

mare ba.salt suite at this site (.ad.GIT, 1972).

, " > m.2_

Fig. 1. Vima, of the new 15498 slab (,141) v,4th representative clasts.

Regolith breccia 15498 was coiiected on the south rim of

Dune Crater (Station 4), approximately 1 km north of the

Apennine Front, near boulder .samples 15485, 15486, and

15499. Weighing 2.34 kg, 15498 is one of the largest regolith

breccias returned by the Apollo 15 mission. Sample 15498

Ls a coherent gla._,sT-matrix regolith breccia consisting of

approximately 16% clasts in a matrix of glass and finely

comminuted minerals (Fig. 1 ). The majority of cla.sLs are mare

basalt.s, although some highland clasLs can be obsera'ed Little

prea'ious data exist on this breccia; aside from random anal3._es

of matrix material and one clast (Ir?o_e et ad., 1977; Laul

amg Scbmitt, 1973).

Dune Crater maT sample bedrock to a depth of 90 m (ALG/Z',

1972), making Station 4 an ideal .setting to .sample and anal)2e

deeper flow,s. Stratigraphic layering was observed in the walls

of Hadley Rille across from Station 9, but could not Ix: sampled

there. The hope is that Dune crater penetrated far enough

into the mare to sample ,several of these elusive flmx._.

METHODS

A new slab of regolith breccia 15498 (,141) was mapped

during a visit to the pristine sample lab at JSC to determine

the distribution and textural variations of the clasts. Clasts were

selected from this slab and existing chips to include the

complete textural range observed. The genealogy of each clast

is listed in Tablc 1, which dt_'uments the corresponding _"hole
rock and probe mount numbers with the clast # used in this

report.

The c_sts range from 0.5-3 cm in diameter. Approximately

100-150 mg of matrix.free material _xs extracted from each

clast for whole rock anal).'sis. This sample wa.s ground and
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TABI.E !. Gt-nealogy of 15498 basaltic clasts.

_r,c
Cl,xst # Whole r_x:k # Probe # Parent #

QNq3
Primitive

B-1 ,178 ,240 ,141

B-2 ,180 ,241 ,141
B-6 ,190 ,245 ,141
B-20 ,206 ,249 ,141

B-40 ,173 ,239 ,24

Intermediate- !

B-3 ,183 ,242 ,141

B-5 ,188 ,244 ,141

B-11 ,198 ,246 ,141

B-14 ,204 ,248' ,14 !

B-24 ,219 ,252 ,14 I

Intermediate- 2

B-23 ,217 ,218" ,141

B-44 ,155 ,235 ,14

Evolved

B-22 ,212 ,251 ,141

B-45 ,151 ,234 ,14

ONB

Low-SiO2
B-4 ,186 ,243 ,141

B-9 ,194 ,195 ,141

B-26 ,224 ,225' ,! 4 !
B-29 ,228 ,229" ,141

B-43 ,166 ,238 ,19

High-SiO2
B-10 ,196 ,197 ,141
B-25 ,222 ,253 ,141
B-41 ,148 ,233 ,13

Cumulates

B-12 ,201 ,24"7 ,141

B-27 ,226 ,227" ,t41

B-24 363 ,237 ,19

• Indicates major elements only.

split into two aliquots for major element (10-40 mg) and

trace element (100-120 mg) analyses. Additional material (+

matrix) was extracted to make a corres'[_nding probe mount.

All whole rock major element anal).,ses were made on fused

glass beads with a Cameca SX-50 electron microprobe at the

Universit T of South Carolina. Samples weighing 10-40 mg were

crushed in an agate mortar to ensure homogeneity during

melting and then fused in Mo boats on an electric strip furnace

at NASA/JSC. High purit), Ar at 40 psi was used as the

mounding atmosphere. The samples melted within 10-20

sec ensuring little volatilization. Operating conditions for the

EMP analyses were 15 KV accelerating potential and beam

current of 10 hA. A natural glass standard (VG-2, Smitlxsonian

Institution) _as used for all elements except for Cr, Mn, and

Mo, for which pure metals were employed. The electron

microprobe data was reduced using Cameca's online PAP

routine. Twenty points were taken on each bead and averaged

for the final analysis. A minor Mo correction (usually less than

0.02%) was made on all of the .samples.

Mineral analyses were made at either USC or NASA/JSC. The

analyses at NASA/JSC were made with a Cameca MBX EMP

system using natural and _athetic mineral standards at 15 KV,

30 A. At USC the operating conditkms were 15 KV accelerating

potential and beam current of 15 hA. Natural mineral standards

were used except for Cr and Mn, for which pure metals were

ttsed.

Instrumental neutron acti_-ation anal).'ses (INAA) were done

on 19 selected clasts at NASA/JSC (6 clasts were too small

or had sufficient matrix contamination). Uncertainties based

on counting statistics at the 1 sigma level are: 1%-2%--Co,
Cr, Fe, Sc, Sm, Eu, La, Na; 3%-5%--Ce, Hf, Lu, Yb, Tb, Tat;

20%--Ba, Th; and 30%--Nd and Zr. Both I1" and Au occur

below the detection limit of 2 ppb, supporting the textural

evidence that these clasts were not formed by impact melting

events.

CLASSIFICATION

All of the clasts studied are low-Xq mare basalts similar to

those described from the Apollo 15 site by earlier studies

( _ and Hubbard, 1973; _ll and _, 1973; DowO'

etal., 1973). As recognized by these earlier studies, two groups

may be distinguished--one group is olivine normative, the other

quartz normative. Petrographically, these samples show a wide

range in textures from vitrophyric to coarse grained granular-

subophitic.

Geochemically, the 15498 mare basalt suite (Table 2) has

a range in FeO content (18.8-23.4 wt %) and Mg#

[lOOMg/(Mg+Fe) = 29.5-68.6] which is larger than reported

previously for Apollo 15 mare basalt (Rhodes and Hubbard,

I973; Dow O' et aL, 1973; Cbappell a_l Green, 1973). Based

on the geochemical variations, we recognize three subdMsions

within the ONB suite, and four subdMsions within the QNB

suite:

A. OLIVINE-NORMATWE BASALTS (ONB)

( 1 ) Low-SiO20NB

(2) High-SiO20NB

(3) Olivine-pyroxene cumulates

n. QUARTZ-NO_tATIVE BASAI.TS(QNB)
( 1 ) Primitive QNB

(2) Intermediate Group 1 QNB

(3) Intermediate Group 2 QNB

(4) Evolved QN'B

Table 1 summarizes the genealogies of these clasts, and Table

3 presents thin section modes based on approximately 500

points per ,section.

PETROGRAPHY AND MINERAL CJ-IEMISTRY

A, Olivine-Normative Basalts

1. Low-StO2 ONB: (B-4, B-9, B-26, B-29). The low-

SiO20NBs form two distinct textural types. Fine-grained olivine-

phyric basalt is represented solely by clast B-4. This clast is

characterized by large subhedral olivine phenocrysts (up to
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TABLE 2. XXrhole rock geochemistry and norm calculations of 15498; major clcments b), EMP, trace elcmcnLs by INAA.

Quartz-Normative BasalLs (QNB)

Primitive Intermediate- I Intermediate- 2 Evolved

B-1 B-2 B-40 B-20 B-6 B-24 B-43 B-5 B-3 B-14 B.I I B-23 B-44 B+22 B-45

SiO 2 48.80 47.89 47.62 48.03 47.52 48.06 47.86 47,74 48.09 47.67 46.82 46.59 47.18 47A9 46.88

1502 1.82 2.35 ].95 1,95 2.14 2.17 2.00 2.14 1,93 1.59 2.06 2.17 2.22 2,48 2.63

AIzO_ 9.64 9.14 9.66 9.68 9.82 10.67 10.O7 10.27 10.37 10.20 10.35 11.62 I 1.03 13.00 12.71

FeO 18.75 20.19 19.76 19.06 19.98 18.96 19.09 19.43 18.96 18.99 20.27 20.55 20.00 19.67 21.OO

MnO 0.22 0,24 0,30 0.25 0.30 0.23 0.26 0.26 0.24 0.28 0.26 0.22 0.26 0.22 0.26

MgO 9.27 9.25 9.48 9.09 9.42 8.12 8.43 8.04 8.56 8.56 7.92 5.95 6.98 4.61 4.92

CaO I0.58 10.34 10.27 10.44 10.26 10.78 10.82 11.01 10.(_ 11.32 10.88 I 1.80 11.24 11.52 11.56

Na20 0.24 0.23 0.26 0.23 0.25 0.37 026 0.24 0.25 0.27 0.26 0.37 0.26 031 0.27

K_O 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.02 0.04 0.05 0.04 0,03 0.05 0.04 0.05

P20_ 0.06 0.05 0.06 0.06 0.06 0.08 0,06 0.09 0.05 0.05 0.06 0.03 0.06 O. 10 0.06

Cr20_ 0.51 0.48 0.55 0.60 0.56 0.54 0.59 0.47 0.58 0.36 0.39 0.25 0.33 0.16 0.16

Total 99.93 100.19 99.94 99.54 100.37 99.79 99.24 99.70 99.76 99.34 99.29 99.35 99.63 99.60 100.50

Mg# 46.9 45.0 46.1 46.0 45.7 43.3 44,1 42.5 44.6 44.5 41.0 34.0 384 29.5 29.5

Norrrt5

Q 2.46 1.33 0.39 2.07 0.27 2.23 2.14 2.13 2.12 0,66 0.45 0.63 1.75 4,41 2,54

Or 0.24 0.24 0.24 0,24 0,30 0.24 0.24 0.12 0.24 0.30 0.24 0.18 0.30 0.24 0.30

Ab 2r03 1.95 2.20 1.95 2.12 3.13 2.20 2.03 212 2.28 2.20 3.13 2.20 2.62 2.28

An 25, I I 2329 25.07 25.26 25.53 26.71 25.59 26.89 27.06 26.47 26.96 29.96 28.78 33.96 33.32

Di 22.56 22.77 21.33 21.87 20.92 22.04 23.24 22.82 21.47 24.64 22.44 24.15 22.48 19.28 20.23

Hy 43.19 44.85 46.08 43.22 46.21 40.34 41.05 40.76 42.12 41.24 42.41 36.65 39.27 33.91 36.46

OI 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.00 0.00 0.O0 0.00

II 3.46 4.46 3.70 3.93 4.06 4.12 3.80 4.06 3.67 3.21 3.91 4.39 4.22 4.71 5.00

Ap 0.13 0.11 0.13 0.13 0.13 0.17 0.13 0.20 0.I1 O.ll 0.13 0.07 0.13 0.22 0.13

Selected Major aml Trace Elements (LVAA)

Na20 0,223 0.222 0,244 0.236 0,243 0.237 0,246 0,255 0,254 0.254 0.256 0.309 0.311

FeO 19.1, "_ 20.04 19,55 18.58 19.20 19.15 19.06 18.63 18.84 18. ",3 19.29 19.89 19.79

Sc 48.3 46.7 42.7 41.3 41.3 43.8 43.3 44.2 43.3 41.6 43.8 39.3 37.1

Cr 3100 3100 3500 3500 3400 3500 3700 3200 3600 2700 2300 1100 1100

Co 37 47.5 42 39.2 40.6 40.8 39.6 39.3 40 37.9 36.7 36.9 37.6
Rb 20 20 9

Sr 180 150 120 130 t50 I10 150 140 150

Cs 0.24 O.21

Ba 89 90 90 90 90 90 130 100 90 60 100 87 100

La 4.93 4.41 5.68 5.63 5.85 5.70 5.48 5.43 5.02 5.74 6.15 7.39 7.67

Ce 14.1 12.1 17.1 16.4 18.0 17.2 16.0 15.5 14.0 16.6 18.5 21.1 22.5

Nd 16 16 13 11 16 16 19 19 20 14 13 17 22

Sm 3.15 3.14 3.54 3-39 3.67 3.57 3.51 3.43 3.27 3.54 3.55 4.55 4.77

Eu 0.68 0,723 0.794 0.739 0.77 0.777 0,764 0.770 0.715 0,803 0,839 0.98 1.001

Tb 0,78 0.76 0.82 0.94 0.83 0.83 0.83 0.82 0.77 0.82 0.85 0.99 1.1 I

Yb 2.32 2.17 2.61 2.53 2.59 2.62 2.56 2.54 2.38 2.59 2.86 3.08 3.29

I,u 0.34 0.317 0,360 0.352 0.382 0.376 0.37 0.37 0.344 0.384 0.410 0.47 0.48

Zr 130 160 150 170 165 120 100 110 140 110 100 100 200

Hf 2.20 2.33 2.54 Z37 2.67 2.41 2.54 2.45 2.33 2.50 2.71 3.09 3.36

Ta 0.36 0.36 0.41 0.34 0.39 0.35 0.36 0.38 0.32 0.32 0.40 0.45 0.47

Th 0.58 0.43 0,67 0,60 0.67 0.65 0.64 0.65 0.65 0.66 0.74 0.87 1.01

0.9 mm across) set in an aphanitic to fine-grained granular

matrix of pigeonite, subcalcic augite, plagioclase, and ilmenite

(Fig. 2a). Olivine phenocrysts are sparse (< 5% modally) and

range in composition from Fo_, 1o Fo6_ with no apparent zoning.

The other three low-SiO20NB clasts have coarse ophitic

textures with small plagioclase laths (up to 0.5 mm long)

totally enclosed by large (up to 1.2 mm long) block), pyroxene

cr3,'stals. Ilmenite and Cr-spinel occur both interstitial/), and

intergrown with pyroxene. Olivine comprises up to 10% of

the mode in some rocks, but is not found in all of our sections.

This may bc due in part to sampling problems (our probe

mounts of the coarse ophitic low-SiO20NBs all contain less
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TABLE 2. (continued)

Oli_4no-Normative Ba.,alLs (ONB) .....

Cumulates

B- ! 2 B-42 B-27 B-9

l,ow-SiO20NB

B-4 B-26 B-29

Hii_iO, O_
B-41 B-25 B-IO

SiO2 43.07 44.44 44.71 45.14 44.54 45.83 45. i9 46.98 47.70 47.39

TiO2 0.53 1.50 1.49 2.25 2.46 2.28 2.47 1.65 1.90 !.73

AIzO 3 4.42 7,76 8.13 9.37 7.75 8.70 7.96 8.25 8.3_ 9.01

FeO 19.67 20.77 20.83 20.13 23.44 21.57 23.26 19.71 19.75 20.19

MnO 0.26 0.22 0,24 0.24 0.26 0,28 0.30 0.26 0.22 0.28

MgO 24.10 16.41 13.63 9.31 11.65 7.87 9.49 12.74 i 1,83 9.73

CaO 6.84 7.84 8,92 10.67 9.20 1 i .47 9.93 8.91 9.15 10.30

Na20 0.10 0.18 0.20 0.25 0.20 0.24 0.26 0.21 0.19 0.23

K20 0.01 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03

PaOs 0.06 0.07 0.04 0.08 0.03 0.05 0.05 0.04 0.06 0.05

Cr205 0.98 0.95 0.91 0.56 0.71 0.32 0.54 0.90 0.77 0.54

Total 100.08 100.04 99.13 99.35 100.25 98.65 99.48 99.69 I0 0.08 99.48

Mg# 68.6 58.5 53.8 45.2 47.0 39.4 42.1 53.5 51.6 46.2

Norms

Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Or 0.09 0.18 0.18 0.18 0.18 0.24 0.18 0.18 0.18 0.18

Ab 0.85 1.52 1.69 2.12 1.69 2.03 2.20 1.78 1.61 1.95

An 11.57 19.92 21.20 24.60 20.11 22.54 20.44 21.48 21.84 23.46

Di 17.87 15.24 18.88 23.29 21.17 28.74 2 i .59 18.61 19,23 22.86

Hy 16.19 31.61 33.11 41.46 34.20 37.50 41.62 45.82 50.76 46.37

OI 50.87 27.16 19.74 2.43 17.1 i 2.55 7.12 7.27 1.35 0.37

I1 1.08 2.85 3.00 4.27 4.67 4.62 5.00 3.13 3.84 3.49

Ap 0.13 0.15 0.09 0.17 0,07 O. 11 0.11 0.09 0.13 0.11

Major and Trace Elements (INAA)Selected

0.184 0.201

19.19 20.05

38.6 41.7

6200 5000

55 53.3

35

120

78 9O

4.34 4.62

11.5 14.4

15 7

2.67 2.94

0.54 0.6O9

0.63 0.69

1.98 2.24

0.286 0.332

110 160

1.96 2.04

0.30 0.36

0.47 0.47

Na20 0.077 0.178 0.239 0,238

FeO 18.19 20.5 18.3 22.84

Sc 27.2 31.4 42.3 37.8

Cr 6500 4600 3600 4200

Co 85.2 65.4 40.3 58.9

RI0 27

Sr 130

Cs

Ba 75 160 110 80

La 2.1 i 3.99 5.30 4.63

Ce 7.9 12.2 15.5 13,7

Nd 11 11 13 12

Sm 1.25 2.49 3.29 3.43

Eu 0.211 0.544 0.705 0.828

Tb 0.28 0.60 0.76 0.78

Yb 0.91 1.75 2.41 2.04

Lu 0.15 0.266 0.358 0.292

Zr 120 120 220

Hf 0.86 1.73 2.36 2.49

Ta 0.20 0.26 0.37 0.37

Th 0.35 0.59 0.42

than 2.5 sq. mm of basalt), The olivine in the coarse ophitic

iow-SiO20NBs is Fos5 to Fo62--more Fe-rich than in B-4.

Pyroxenes span a wide range of compositions, from magnes!an

pigeonite to subcalcic ferroaugite, but are generally more Fe-

rich than pyroxene in the high-SiOa ONBs (Table 4, Fig. 3a).

A few pyroxene grains contain thin exsolution lanaeUae of

anOther pyroxene, but these are too small to analyze. Plagioclase

in a u low-SiO20NBs ranges from Ang7 to Ar_5 in composition

(Fig. 4a).

2. High-St02 ONB: (B-IO, B-25, B-41). The high-SiO2

ONBs are all medium to coarse-grained, with subophitic to

ophitic textures. Small plagioclase laths (up to 0.6 mm long)
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TABLE 3. Modal comlx}sitions of representative mare bz,_tlt clzsts from Atxfllo ! 5 breccia l _;498.

Pyroxene Olivine Plagitx: -la.sc Opaque Silica Groundmass Other

QNB

Primitive

B-1

B-2

B-6

B-20

B-40"

56 39 6 <1

55 41 2 <1

1 7

7

lntcmlediatc- I

B-3 56 10 28 5 <1

B-5 53 35 10 <1

B-I l 60 36 3

B-14 54 37 8 <l

B.24 (_ - 26 9 1

B-43 59 - 34 7 <1

Intermediate-2

B-23 52 46 3

B-44 56 35 6 3

Evolved

B-22 54 35 7 4

B-45 61 30 6 3

ONB

Ix_w-SiO_ B-4 52 9 31 9

B-9 t 50 6 37 7 <1

B-26' 62 33 5 -

B-29* 62 33 5 -

High-SiO2 B-IO+ 50 32 13

B-25* 65 31 4 -

B-41 68 10 18 4

Cumulates

B-12 55 38 I 5

B-27 _ 75 25

B42 45 31 23 5

92

93

1o0

<1

-

<1

5

<1

Groundmass = d_qtrificd glas,s/finc-grained quenched textured

Others = late-stage residual areas.

"No phenocr3,st in prc_ mount; however, pyroxene (?) phenocr)_t seen in hand sample.

"_SmM[ probe mount with matrix attached. Ix_s than 200 points.

are partly to totally enclosed in pyroxene grains that average

about 0.5 mm across. Off, fine forms rounded grains up to 0.7

nml across and may include small euhedral Cr-spinels (Fig.

2b). Olivine cores are Fos7 to Fc_,- s, rims Fo4s to Foss. Pyroxene

ranges from WorEr_,_, to Wo2sEn_a and is generally more

magnesian than pyroxene in the low-SiO20NBs (Table 4, Fig.

3b). Plagioclase ranges from An_ to An_7 and is lower in

potassium than plagioclase with the same An content in the

low-SiO20NB suite (Fig. 4a).

A major difference in the mineralog;y of the high-SiO2 ONBs

that distinguishes them from the Iow-SiO2 ONBs is the presence

3. Olizqne-lo'r_xene cumulates: (B.12, B-27, B.42).

These rocks are characterized by cumulus textures with

primocrysts of oLivine, magnesian pigeonite, Cr-spinel, and (in

clast B-12) augite, .surrounded by intercumulus plagioclase,

ilmenite, and pyroxene (Fig. 5c,d). Postcumulate pyroxene

most commonly forms by adcumulate enlargement of cumulate

pyroxene _ or as mantles on cumulate olivine. OIMne

and pyroxene primoct)_ts are generally about 1.0 mm in

diameter, with block 3, euhedral to subheral outlines. Modal

plagioclase is less abundant in these rocks than in the basalts

(Table 3), reflecting cumulate enrichment in marie phases.

in two clasts (B-IO, B-25) of minor cristobalite as a late, In contrast to the ba.salts, the cores of the cumulus phases

interstitial phase. This indicates that the residual liquids in the in the cumulate rocks exhibit restricted compositional ranges.

high-SiO20NBs evoh'ed to silica-oversaturated compositions Olivine cores range from Forl to Fo64 (Fort to Fo69 in B-12);

prior to final cr3.,stallir.ation, rims are somewhat more Fe-rich in B-27 (Fos8 to Fo_).
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TABI,E4. Reprt,*scntativc p.',Toxenc compositions in 15498 basahs.

Quartz-Normative Basalts (Q_N_

Ewflved (B-45) Intermediate (B-44_). Primitive (B-I)

Pheno. Ground- Pheno- Ground- Pheno- Pheno- Ground-

cryst m:t_s cg,'st rna.,,s c_st cr_st mass

OIMne-Normativc Basalt_ ONB]_

Cumulate (B-12) _Hig_ B(_)__ I,ow-SiO2 B___

Pigeonite Augite Pheno- Ground- Pheno- Groun-

cr),'st mass ct3.,st dma._,_

SiO2 52.51 47.52 49.23 48.59

"HO2 0.42 1.05 1.25 0.89

AI20 _ I.(Za 1.14 4.55 1.39

Cr20_ 0.82 0.I I 1.04 0.33

FeO 17.80 35.35 14.17 27.77

MnO 0.34 0.47 0.23 0.41

MgO 21.57 3.99 13.41 11.84
CaO 4.08 10.51 16.93 7.56

Na20 0.03 0.00 0.03 0.01

Total 99.23 100.14 100.84

Si 7.810 7.815 7.393

AI 0.290 0.221 0.806

"fi 0.047 0.129 O.141

Cr 0.096 0.014 0.124

Fe 2.215 4.862 1.779

Mn 0.043 0.065 0.029

Mg 4.783 0.979 3.002

Ca 0.650 1.851 2.724

Na 0.009 0.000 0.008

(core) (rim)

51.93 49.95 46.96 53.45 51.00 53.55 49.40 53.27 48.90

0.49 1.05 1.1 ] 0.31 0.54 0.36 1.06 0.33 1.40

2.08 3.65 1.17 i.32 3.49 1.34 1.78 i.45 1.75

0.99 1.04 0.03 0.74 1.25 0.91 0.49 0.83 0.19

1_.48 13.83 37.05 16.88 9.34 16.61 25.48 17.03 26.29

0.28 0.36 0.45 0.28 0.20 0.32 0.41 0.31 0.34

21.09 14.60 3.1t 23.02 16.67 23.67 14.15 22.41 10.99

4.76 15.39 10.05 3.83 17.87 3.43 6.88 4.53 9.75

0.01 0.94 0.05 0.01 0.06 0.02 0.03 0.02 0.03

98.79 99.11 99.91 99.98 99.84 100.42 100.21 99.68 100.18 99.64

FomnulzJ Based on 24 Ooo_ens

7.739 7.747 7.530 7.798 7.853 7.532 7.825 7.(-,85 7.825 7.703

0.261 0.366 0.(-,47 0.229 0.228 0.608 0.231 0.327 0.252 0.324

0.106 0.055 0.118 0.139 0.034 0.060 0.040 0.124 0.037 0. l (x5

0.041 0.117 0.124 0.004 0.086 0.146 0.106 0.060 0.096 0.023

3.699 2.181 1.743 5.145 2.074 1.154 2.030 3.314 2.092 3.463

0.055 0.035 0.046 0.063 0.035 0.025 0.039 0.055 0.039 0.046

2.811 4.690 3.278 0.769 5.040 3.670 5. i 55 3.280 4.907 2.581

1.290 0.762 2.483 1.788 0.603 2.827 0.537 1.146 0.712 1.645

0.003 0.002 0.010 0.016 0.002 0.016 0.005 0.010 0.005 0.009

Pigeonite primocrysts cluster around WoTEnt,- with postcumu-

lus rims of Wo26E_s (Table 4, Fig. 3c). Clast B12 is unusual

in that it contairLs cumulus augite (XX_o57En46) that zones

outward towards magnesian pigeonite (Wo_TEm, z). The

apparent cosaturation with both pigeonite and augite is

uncommon in mare cumulates (e.g., Taylor et aL, 1983).

Plagioclase compositions are generally similar to tho_ in the

other ONBs, except in c_st B-12, where the plagioclase is

more potassic than in the other two ONB groups (Fig. 4a).

These clasts are similar to the feldspathic peridotites and

oli,dne microgabbros described by Dou, O' et al. (1973) from

the Apollo 15 rake ._amples, but their constituent minerals have

Fig. 2. Plane-polarized light
photomicrographs of the ONB suite

from 15498. Field of view is 3 mm

across. (a) = B-4, Iow-SiO_ ONB;

__ (b) = B-41, high-SiO., ONB; (c) =BI2, cumulate ONB; (d) = B42,

cumulate ONB.
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Fig. 3. Pyroxene compositions in the 15498 basalts. (a) = low-SiO2

ONBs; (b) = high-SiO20NBs; (c) = cumulate ONBs; (d) = primitive
QNBs; (e) = intermediate-1 and intermediate-2 QNBs; (f) -- evolved
QNBs.

more restricted compositional ranges than the rocks described
by Do_3'. The origin of them rocks as cumulates from mare

basalt parent magmas is suggested by their magnesian mineral

compositions, restricted compositional ranges, and low modal

feldspar contents.

B. Quartz-Normative Basalts

I. Primitive QNB: (B1, B2, B6, 1320, B40). The

primitive QNBs exhibit a wide range of textures, including

_itroph)aic, ophitic, and radial-ophitic. Clasts B-6 and B-20

exhibit textures characteristic of quenched liquids, although

the), are not true _itroph}tes because the groundmass is only

partly glas.s (Fig. 5a, b). These rocks consi_ of sparse olivine

phenocrysts (0.25-0.75 mm across) in an aphanitic to fine-

grained _riolitic groundmass of pyroxene, plagioclase, opaques,

and glass.The olivine phenocr}_ts, _41ich comprise less than

2% of the mode, have rounded to subhed/al shapes and Mg-

rich core compositions (Fo(_, to For0 in B-6; FOTi to Fo73 in

B-20). Oli,_4ne rim compositions are more Fe-rich in B-6 (Fo4s

to Foss) but are unzoned in B-20. B-6 also contains a small

(0.25 ram), subhedral pigeonite microphenoctTSt (Wo4 En70)

that appears to be in equilibrium with the olivine

microphenocrysts.

Clast B-40 differs somewhat from the other vitroph_aic clasts.

The groundmass of B40 consists of randomly arranged,

euhedral to subhedral pigeonite latlx_ .surrounded by quench

pyroxene (radiating pyroxene grains intergrowaa with glass and

opaques), plagioclase, opaque oxides, and gla._s. The glass is

opaque, with abundant tin}" inclusions. The slender pyroxene

OF

b

85 90 95 100

An
Fig. 4. Plagioclase compositions of the 15498 basalts. (a) = ONBs;

(b) = QNBs. Symbols same as Fig. 6.

laths decrease in abundance towarcks one end of the clast,

where glas,s and quench pvroxene become dominant. This may

represent a cooling-rate gradient _Sthin the parent la_ flow,

suggesting proximity to a cooling surface (either top or

bottom). Clast B-40 was observed to contain large (< 2.0 ram)

phenocr).,sts of either olivine or pyroxene in hand specimen,

but no phenocrysts were included in our probe mount.

The other two primitive QNB clasts (B-l, B-2) have medium

to coarse-grained ophitic textures. In B-l, the ophitic texture

consists of radiating, fan-like arrays of pyroxene and plagioclase

that surround phenoctTsts of magnesian pigeomte. Groundmass

pvroxene and plagioclase in these clasts and in the _trophyric

clasts have the .same compositional ranges as in the other QNB

suite clasts (figure 3c and figure 4b).

The textural evidence indicates that B-6, B-20, and B40

probably represent quenched liquid compositions with little

or no oli_inff_accumttlation. This conclusion is supported by

the composition of the olivine phenocD.,sts and micropheno-

crysts, which are Mg-rich and appear to be in equilibrium with

the bulk rock Mg/Fe ratios (based on an equilibrium Kd =

0.33). The presence of olivine in these quartz-normative basalts

suggests that their compositions are relatively primitive and

may be parental to more evoh'ed pyroxene-ph}a'ic basalts.

2. Intermediate group 1 QNB: (B-3, B.5, B-II, B-I4,

B-24, B-43). Four of these clasts (B-3, B-1 I, B-24, B-43)
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are characterized by the common occurrence of large pigeonite

phenocrysts (and more rarely olivine) set in a finer-grained

groundmass of pyroxene, plagioclase, opaques, cristobalite, and

glass (Fig. 5c,d). Two samples are aph)ric (B-5, B-14), but

have textures that are identical to the groundmass in the other

intermediate/1 QNBs. The aphyric samples are most likely

phenocryst-free portions of of normal pyroxene-ph)a-ic flows.

Pigeonite phenocrysts have subhedral, block 3' shapes and

range in size from 0.5-5.0 mm, with aspect ratios of about

2/1. Olivine phenocr3_ts range from 0.5-0.7 mm acro._s and

have irregular, partly resorbed shapes. Groundmass textures

_-ary from ophitic (Fig. 5c) to radlal-ophitic, with radiating fans

of slender plagioclase laths enclo_d by similar, radiating

pyroxene crystals (Fig. 5d). The plagioclase laths may be as

long as 1.0 ram, but are rarely wider than 50 microns.

Groundmass pyroxene is generally coarser than the plagtoclase,

but also forms granular aggregates between the feldspar laths.

Ilmenite, Ti-rich Cr-spinel, and cristobalite are intergrown with

groundmas.s plagioclase and pyroxene, but Cr-rich spinel also

forms inclusions in pigeonite phenocrysts.

Olivine phenocrysts range in composition from Fo73 to Fo67.

Pyroxene phenocrysts show small compositional ranges, with

cores of magnesian pigeonite (Wo6En68 to Wo_tEn59) that

commonly display epitactic rims of augite (Wo34En42 to

Wo3_En4t). Groundmass pyroxenes are more Fe-rich and range

in composition from subcalcic ferroaugite to ferrohcdenbergite

(Fig. 3e). Plagioclase compositions range from An94 to Arts9

(Fig. 4b).

3. Iraermedtate group 2 QNB: (B-23, B-44). The

intermediate/2 QNBs display the same range in textures and

mineral chemistry as the intermediate/1 QNBs. Major

differences in the phenocryst assemblages distinguish the two

groups: The intermediate/2 QNBs lack olivine phenocrysts, and

one clast (B-44) contains large euhedral augite phenocrysts

in addition to phenocrysts of magnesian pigeonite. The augite

phenocrs._ts are generally similar to epitactic augite in

composition, but exhibit a wider range, from Wo35En40 to

Wo3tEn41 (Fig. 3e). Plagioclase ranges in composition from

An94 to An89 (Fig. 4b).

4. Evolved QNB: (B-22, B-45). The evolved QNB clasts

studied here are more evolved chemically than any reported

previously. One of these clasts (B-45) contains sparse large

pyroxene phenocrysts in a radial-ophitic to radial.subophitic

grotmdmass. The other clast (B-22) lacks phenocrysts, but its

texture is nearly identical to the groundmass in clast B-45,

except that it is coarser-grained. In addition to pyroxene and

plagioclase, both of the aphyric QNB contain ilmenite, Ti-rich

Cr-spinel, and cristobalite.

The coarser-grained aphyric clast, B-22, is a textbook example

of radial subophitic texture. This clast consists of fan-like arrays

of slender plagioclase laths up to 2.0 mm long and 50 microns

wide intergrown with splays of prismatic pyroxene needles

that mold around the ends of the laths, or are molded by

adjacent plagioclase (Fig. 5f). The common occurrence of

plagioclase laths that mold around pyroxene prisms, despite

the modal predominance and larger size of the pyroxcn¢,

suggests that pyroxene nucleated before plagioclase or

simultaneously with it. The latter hypothesis is supported by

Fig. 5. Plane.polarized light photomicrographs of the QNB suite tn

the 15498 basalts. (a) = 8-6, primitive QNB; (b) = 8-20, primitive

QNB. Both primitive QNB contain no significant phenocryst phases.
(c) = B-3, intermediate-1 QNB; (d) = B-11, intermediate-1 QNB. Both

intermediate.1 QNBs contain large pigeonite phcnocr3_'ts set in a

medium grained groundmass of pigeonite, plagioclase, and residual
liquid. (e) = B-44, intermediate-2 QNB (the large phenoct3,st on the

left side is an augite phenocryst); (f) = B-22, evolved QNB; note

the radiating intergrov, xhs of pyroxene and plagioclases.

analyses of the cores of pyroxene splays, which show that the

cores to consist of finely intergrown pyroxene and plagioclase

that cannot be resolved optically.

P}'roxenes in the evolved QNB show the same compositional

ranges displayed by pyroxene in the intermediate QNBs, from

subcalcic augite to ferrohedenbergite (Fig. 3f). The only major

difference between pyroxenes of the evolved QNB group and

the other QNBs is a tendency towards more Fe-rich

compositions, and fewer magnesian pigeonite phenocrysts.

Plagioclase (Ango to An94), ilmenite, and Ti.rich Cr-spinel

likewise exhibit compositional ranges similar to their

counterparts in the intermediate QNB groups.

WHOLE ROCK GEOCHEMISTRY

Major and trace element analyses of the twenty-five mare

basalt clasts studied here are presented in Table 2. Major

element variations as a function of MgO are shown in Fig.

6, trace element variations in Fig. 7, and chondrite-normalized

REE concentrations in Fig. 8.

A. Olivine-Normative Basalts

Major element variations in the ONB suite are generally

consistent with olivine control (either subtraction or addition):



264

O

°
anne

II

25

023

1'21

17

b

¢O_u_ mm

52

_4e

44

0

_00_ ww

s " 1"2 " ¢6 ' ffo-_'/_
wt._ MgO

0

_11|• •

'°i
o ET0

D.3 _ •

o ;"

.1 30 J_ 0_1_

IoOo _ f

_00 *

Uu O •

q

MgO

14 _0"0 I lmOb • l 1

t
¢ O0 _ .

Fig. 6. Major element variations in ! 5498 basalts, using MgO as a

fracdor_don index. Symbols: Open circles = primitive QNBs; open

boxes = intermediate.l QNBs; open diamonds = intermediate.2 QNBs;

open triangles = evolved QNBs; filled circles = cumulate ON'Bs; filled

boxes = high-SiO20NBs; filled triangles = low SiO20NBs.

SiO2, AI20_, CaO, Na20, and TiO2 all increase with decreasing

MgO, whereas FeO remains constant or decreases Slightly (Fig.

6). Trace element variations show Similar trends--the REE,

I-If, and Sc all increase with decreasing MgO, whereas Cr and

Co decrease sharply (Fig. 7). REE concentrations are the same

in both the low and high-SiO20NBs (La = 13-16 x chondrite)

but are lower in the olivine.pyroxene cumulates (La = 6-12

x chondrite; Fig. 8). Despite this overall similarity, significant

differences exist between the three ONB groups described

earlier.

I. Low-St02 ONB. The low-SiO_ ONBs recognized here

are identical to the ONB suite described by earlier studies

( Rtoodes and Hubbard, 1973; _ll and Green, 1973; Dow O,

et aL., 1973). The low-SiO20NBs have low SiO2 contents (44-
46 wt %), high TiO2 (2.2-2.5 wt %), and high FeO (20.1-

23.4 wt %) compared to the high-SiO20NB suite and to the

QNB suite. Alumina is also low in the low-SiO20NBs relative

to these other groups (Fig. 6). MgO concentrations are

relatively low (7.9-11.7 wt %), so that their Mg#s range from

47.0-39.4.

2. High-St02 ONB. The high-SiO2 suite is characterized

by high SiO2 contents (47-48 wt %), low T]O2 (I.65-1.9 wt

%), low FeO (19.7-20.2 wt %), and MgO of 9.7-12.7 % (Fig.

6). Because the low FeO concentrations are coupled with

relatively high MgO, Mg#s for these rocks (46.2-53.5) are

higher than the low-SiO20NB suite. The amount of normative

olivine in the high-SiO2 group (0.4 to 7.3 v¢t%) is less than

in the low-SiO2 group (2.6-17 wt %), and is due to the high

Mg content, despite their high silica.
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3. Oltvine-pk_xx_ene cumulates. These cumulates are

characterized by low SiO2 (43-44 wt %), low _O2 (0.5-1.5

wt %), and high MgO (16-24 wt %). Their high normative

olivine concentrations (up to 50 wt%) are matched by high

modal olivine and pyroxene (Table 3). These rocks have high

concentrations of Cr and Co (which are compatible elements

in spinel and oli_4.ne) but are low in Sc (which concentrates

in p.vroxene; Fig. 7). Incompatible element concentrations are

the lowest observed in any ONB or QNB analyzed here, which

is consistent with dilution by cumulate mafic phases. REE

concentrations range flom 6-12 x chondrite (Fig. 8). The data

show that these clasts accumulated olivine and thus do not

represent liquid compositions.

B. Quartz-Normative Basalts

The QNBs are characterized by high SiO2 concentrations of

46.5-48 wt %, FeO abundances of < 21 wt %, and _O2 of

1.6-2.6 wt %. Mg#s range from 29.5-47, with MgO

concentrations between 4.6-9.5 wt %. Two of the QN'B clasts

studied here have more evolved compositions than an), QNBs

described previously (Rhodes and Hubbard, 1973; Helmke et

a/., 1973).

Major and trace element variation trends in the QNB suite

are not consistent with simple olh4ne control: CaO, AlzO_,

FeO, Na20, and TiO2 all increase with decreasing MgO, but

SiO2 decreases (Fig. 6), The REE, Hf, Ta, and Th increase _4th

decreasing MgO, and Cr continues to decrease, as in the ONB

suite. In contrast to the ONrBs, however, Co concentrations

remain constant and Sc concentrations decrease with

decreasing MgO (Fig. 7). These trends are consistent with
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pyroxene fractionation.

REE concentrations are generally lowest in the primitive

QNBs (La = 13-17 x chondrite), and highest in the evolved

QNBs (La = 22 x chond-rite). Sm/Eu ratios vary from 4.2-

4.8 (Fig. 7), and the slopes of the REE patterns show little

variation.

1. Primitive QNB. The primitive QNBs are characterized

by Mg#s between 45.0 and 47.0 (Table 2). The)' have SiO2
contents of 47.5-48.8 wt %, FeO of 18.8-20.3 wt %, and CaO

of 10.2-10.6 wt %. These samples have the highest compatible

element concentrations (Co, Cr, Sc) in the QNB suite and

the lowest incompatible element concentrations.

2. lraerm_dtate group 1 QNB. The intermediate/1

QNBs are slightly more evolved than the primitive QNBs, with

Mg#s between 44.5 and 41 (Table 2). The), have SiO2 contents

of 46.6-48.1 wt %, FeO of 19.0-20.6 wt %, and CaO of 10.8-

11.3 wt %. Compatible element concentrations are similar to

the primitive QNBs or slightly lower; incompatible elements

concentrations are slightly higher than the primitive QNBs.

3. Intermed/ate group 2 QNB. The intermediate/2

QNBs are slightly more evolved than the intermediate/l QNBs,

with Mg#s of 34 and 38 (Table 2). The SiO2 content is 46.2-

47.2 wt %, FeO of 20.0-20.6 wt %, and CaO of 11.2-11.8

wt %. Compatible element concentrations are slightly lower

than in the intermediate/1 QNBs, and incompatible element

concentrations slightly higher (Fig. 7). REE concentrations are

available for only one sample from this group (B-44); these

concentrations are slightly higher than the intermediate/l

QNBs and lower than the evolved QNBs (Fig. 8).

4. Evoh,wd QNB. These basalts are more evolved than

any reported previously, with Mg#s of 29.5, and 2.5-4.4%
normative quartz (Table 2). The SiO2 contents are 46.8-47.5

wt %, FeO of 19.7-21.0 wt %, and CaO of 11.5 to 11.6 wt

%. Compatible trace element abundances are the lowest and

the incompatible element abundances the highest (e.g., La =

22 x chondrite) among the QNBs.

The drop in CaO relative to the most Ca-rich intermediate/2

QNB terminates the Ca-enrichment trend seen in the less

evolved samples (Fig. 6). This drop in CaO is not accompanied

by a coincident drop in alumina, suggesting that augite

fi'actionation may be involved.

DISCUSSION

The quartz-normative basalt (QNB) clasts studied here

include samples more evolved than recognized before (with

up to 4.4 wt % normative quartz), and olivine-phyric quenched

liquids that are more primitive than any found in previous

studies. The olivine-normative basalt (ONB) suite is

considerably more complex. Basahs in the Iow-SiO20NB group

are identical to Apollo 15 basalts classified as "ONB" by earlier

studies (e.g., Rhodes and Hub/mr_ 1973; Chappe//and Green,

1973; Dowly eta]., 1973). Basalts in the high-SiO20NB group

do not correspond to any previously described basalt suite

at Apollo 15. Their chemical characteristics are similar to those

of the QNB suite, suggesting that the high-SiO20NBs may

be related to that group. The olivine-pyroxene cumulates are

enriched in mafic phases and cannot represent liquid

compositions.

The relationships between these basalt groups are more

complex than has been observed in previous studies of Apollo

15 basalts, and enable us to study the evolution of the Apollo

15 basalt suites over a wider compositional range. These

relationships also raise some important questions:

(1) Are the observed variations real, i.e., are they due to

fractionation processes or do the)' merely reflect inadequate

sample size (short-range unmixing)?

(2) Are the primitive, ollvine.ph)a'ic QNBs parental to the

more evolved QNBs by normal processes such as cr3_tal

fractionation?

(3) Are the QNBs related to the ONB by fractional

ct3_taUization? If so, are the), related to the iow-SiO20NB

or the high-SiO2 ONB?

(4) Are the high-SiO20NB and Iow-SiO20NB related by

crystal fractionation?

(5) Are the olivine-pyroxene cumulates related to the high-

SiO20NBs, the low-SiO20NBs, or the QNBs?

(6) How do these basalts relate to other Apollo 15 basalts?

Short Range Unmixtng

A major source of uncertainty in the analysis of lunar mare

basalts derives from the small size of the samples available

for analysis. Lindstrom and Haskin (1981) have shown that

small samples from a single flow of Icelandic basalt exhibit

significant compositional differences that can not be related

to fractional crystallization. The 3, propose that these variations

are caused by a process they termed "short-range unmixing,"
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in which each .sample contains different relative proportions

of marie and felsic phenocrys-*ts, groundmass, and residual

liquids.

Lindstrom and Haskin (1978) used the short.range

unmixing model to show that among the ApoUo 15 ONBs

studied previously, variations in chemical modes were --10%

for p_roxene and plagiocla.se, 20% for spinel and residual liquid,

and 20-30% for olivine, small enough to be accounted for

by short-range unmixing of a single, undifferentiated flow.

Lindstrom and Haskin (1978) also show that the QNB suite

samples studied previously are too variable to bc accounted

for by short-range unmixing of a single, undifferentiated flow,

or by fractional crystallization. The}" suggest that at least two

separate flows may have been sampled.

We applied the short range unmixing model of Lindstrom

and Haskin to Apollo 15 basalts studied here to test whether

or not the intragroup variations observed in the QNB and ONB

samples could be explained by short range unmixing, or if

these variations require other explanations (e.g., fractional

crystallization). Chemical modes were calculated for each rock

using a least.squares mixing program and the average phase

compositions used by Lindstrom and Itaskin (1978); these

modes were compared to the "average mode" of each group
to evaluate the relative modal variations.

Variations observed within both the low-SiO2 and high-SiO2

ONB groups are too large to be accounted for solely by short-

range unmixing. Olivine shows a _-ariation of greater than 100%,

spinel greater than 40%, pyroxene between 2 and 75%,

plagioclase up to 50%, and residual liquid of up to 250%. Thus,

although each of these groups may represent a single lava,

these flows have differentiated by crystal fractiouation to create

the range in compositions observed. It is also important to

note that these groups cannot be related to one another by

short-range tmmixing either. Two distinct groups are required.

The short-range unmixing model accounts for the variations

observed within each of the four QNB groups descn'bed above,

but cannot account for variations observed between these

groups. Thus, the four QNB groups may represent four distinct,

undifferentiated flows. The composition of the primitk'e flow

is represented by the average of the primitive QNBs, which

include three _Strophyric samples, enriched in residual liquid

and two cr3_talline samples that are depleted in residual liquid

relative to the average.

The intermediate/1 QNBs show considerable scatter on

major and trace element variation plots (e.g., Fig. 6, 7), but

variations in the calculated mode are less than 10% from the

average for pyroxene, I 0- 20% for plagioclase and residual liquid

(except for B-14 residual liquid). Thus, these samples may

be related to a single, undifferentiated flow whose composition

is best represented by the average of all six analyses.

The intermediate/2 and evolved QNB groups have modal

compositions that fall far from the average of all QNBs, but

modal variations between the two groups are more equivocal.

The largest difference is seen in the residual liquid component:

when compared to the average of both groups, the

intermediate/2 sample B-44 deviates by 4% and the evolved

samples deviate by 39%. Tl'ds suggests that the differences

between these samples are real, and result from proces_ses other

than short-range unmLxing. However, the small number of

evolved samples for which we have data (two in each group)

means that the averages calculated for each group may vary

somewhat from the parent lava flows.

Fractional Crystamz2ttion Relationships

Major and trace element variations in both ONB and QNB

suites exhibit trends that are consistent with ct3,stal

fi'actionation of the observed liquidus minerals--olivine in ONB

suite and pyroxene in QNB suite (Fig. 6 and 7). Our evaluation

of short-range unmixing effects, however, shows that much

of the scatter c_4dent on these diagrams is the result of modal

variations in small samples that may not represent the average

composition of their parent lava flow. This effect is most

pronounced on the QNB suite samples. In order to avoid the

problems associated with limited sample sizes, we have

averaged the compositions of all the samples within each QNB

group to derive a 'q>est" estimate for the composition of the

parent la_ flow. These averages are presented in Table 5, and

will be used in all of the calculations that follow. Because

the ON-B suite clasts exhibit differences that are too large to

be explained by short-range unmixing, we will continue to

consider these compositions individually. It is important to keep

in mind, however, that the compositions of these clasts ma t,

also deviate somewhat from that of their parent lava flow.

Figure 9 is an MgO variation diagram for SiO2 _¢tich illustrates

fractionation trends in the ONB and QNB samples studied here.

The large open symbols represent the average QNB data from

Table 5, the stars are QNB analyses of _ and Hubbard

(1973), the closed symbols are ONBs studied here, and the

crosses are ONB analyses from Rhodes and Hubbard (1973).

Representative control lines for oli'Ane (FOTo) and pigeonite

(Wo7En67) fractionation are drawn from the observed liquidus

minerals through the most primitive basalt of each group. This
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Fig. 9. SiO2 wt % versus MgO wt % of 15498 basalts. Dashed lines

represents olivine (Fo,o) and pigeonite (W_,En6_.Fs26) fractional.ion

control lines. Symbols same as Fig. 6. Larger symbols: Circle = average

of the primitive QNBs; box = average of the intermediate.1 QNBs;

diamond = average of the intermediate-2 QNBs; triangle = average

of evolved QNBs. Previous data of Rhodes and Hubbard (1973) are

represented by the stars (QNBs) and crosses (ONBs).
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diagram is useful because the olivine and pigeonite control

lines intersect at high angles, resulting in residual liquid trends

that diverge from the presumed parent magma composition.

This diagram illustrates several important points. First, the

QNB clasts studied here, and the QNB data of Rhodes and

Hubbard, plot on or near a pigeonite control line, suggesting

that these samples may be related by pigeonite fractionation.

Second, the ONB clasts studied here plot on or near two distinct

olivine control lines (Fig. 9). The high-SiO2 ONBs plot near

an olivine control line that intersects the QNB arra 3, at its

primitive (high MgO) end; the Iow-SiO20NBs and the ONB

data of Rhodes and Hubbard plot near an olivine control line

that intersects the QNB array at its evolved (low MgO) end.

Thus, the high-SiO2 ONBs may be parental to QNB suite la_-as,

but ordy the most evolved QNBs could be related to the low-

SiO2 ONBs. Finally, the oli_4ne-pyroxene cumulates plot

between the high-SiO2 ONB and iow-SiO2 ONB olivine control

lines and may be related to either suite. These trends are

evaluated quantitatively in the next section.

Least-Squares Modeling

Least-squares calculations were made for the major elements

using the most primitive basalts as parental magmas for each

group and the observed liquidus phases (olivine, pigeonite,

augite, and Cr-spinel). The calculations take the form parent

magma = daughter magma + liquidus phases, with the parent

magma as the dependent variable.

Calculations involving the QNB suite use the average group

compositions from Table 5. Clast B-4 is chosen to represent

the low-SiO2 parent magma because it lies at the high-Mg end

of the low-SiO20NB trend, and because its texture (vet T fine-

grained, olivine-phyric; Fig. 2a) is likely to represent that of

a quenched liquid. Clast B-41 is chosen to represent the high-

SiO2 parent magma for the same reasons, although its texture

(medium-grained ophitic) makes this interpretation more

uncertain. The results of these models are summarized in Table

6 (laxas) and Table 7 (cumulates).

The major element fi'actionation models calculated here were

cross-checked by calculating the relative enrichment of La

between the parent and daughter compositions. This

fractionation factor, termed F" in the results, calculates the

fraction of liquid remaining for Rayteigh fractionation if the

bulk partition coefficient for La = 0 (i.e., F" = I_,_x_t/Iada_ter).

QNBparem magmas. Several possible combinations were

tested in which QNB parent magmas fractionate to QNB

daughters (Table 6). A parent magma similar to the average

primitive QNB requires about 5% fractionation of either olivine

or oli_e + pigeonite to generate the intermediat_e/1 QNB

group. The results for both cases are equally good (the "olivine-

onb;' solution has a smaller error in the sum, but a larger

residual than the "olivine + pigeonite" solution); it is not

possible to choose between these two options. Although the

primitive QNBs contain phenocrystic olivine, several also

contain pigeonite phenocrysts. We favor the two phase

flactionation result.

Primitive QNB parents may also fractionate to intermediate/2

QNB (17% crystallization) and evolved QNB (27% crystalli-

TABLE 5. Average of the QNB groups used in least-squares m(v,lcling.

Primitive lnterm_xliate- Intermediate- Evolved

1 2

SiOz 47.97 .... 47.71 46.89 47.18
"BOa 2.04 1.98 2,20 2.55

MzO_ 9.59 10.32 11.33 12.85
FeO 19.55 19.28 20.27 20.33
MnO 0.26 0.25 0.24 0.24

MgO 9.30 8.27 6.47 4.77
CaO 10.38 10.91 11.52 11.54
Na20 0.24 0.27 0.32 0.29

K20 0.04 0.04 0.038 0.05

PzO5 0.06 0.06 0.05 0.08

Cr203 0.54 0.49 0.29 0.16

Total 99.97 99.52 99.49 100.05

Mg# 45.9 43.3 36.2 29.5

Norms

Q 1.30
Or 0.25

Ab 2.05

An 24.95

Di 21.89

Hy 44.71
OI 0.0

Il 3.92

xp 0.13

1.62 1.19 3.48

0.23 0.24 0.27

2.33 2.67 2.45
26.61 29.37 33.64

22.78 23.32 19.755

41.32 37.96 35.19
0.0 0.0 0.0

3.80 4.31 486

0.14 0.1 0.18

Trace Elements

Sc 44.06 43.24 43.80 38,20

Cr 3320 3340 2300 1100
Co 41.26 39.52 36.70 37.25

Rb 8.0 1.80 0.0

Sr 90 108 145
Cs 0.05 0.0 0.11

Ba 89.8 94.0 100.0 93.5
La 5.30 5.47 6.15 7.53
Ce 15.54 15.86 !8.50 21.8

Nd 14.40 18 13 19

Sm 3.38 3.46 3.55 4.66
Eu 0.74 0.77 0.84 0.99

Tb 0.81 0.85 1.05
Yb 2.44 2.54 2.86 3.18

Lu 0.35 0.37 0.41 0.475

Zr 155 116 100 150

HI 2.42 2.45 2.71 3.23

Ta 0.37 0.35 0.40 0.46

Th 0.59 0.65 0.74 0.94

zation) magma compositions (Table 6). These results are

corroborated by the La fractionation factors, v,ahich indicate

14% and 30% cr3._tallization, respectively. When more evolved

parent magmas are chosen (e.g., intermediate/l QNB), similar

results are obtained (Table 6). Note that these results are

additive, ,so that the result for primitive QNB -- evolved QNB

is approximately the same as the sum of primitive QNB -

intermediate/1 QNB plus intermediate/1 QNB -- evolved QNB.

Note also that all .solutions for evolved QNB and intermediate/2

QNB require augite fractionation. These solutions are consistent
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TABLE, 6. Representative major element least-squares calculations for 15498 basalt,s.

Parent Daughter % Daughter % Phases Cr-Spinel Sum Error R_iduals F"

Olivine Pigeonite Augite

QNB QNB

Prim Inter- 1 93.7 0.9 5.4 .06 100.0 3.1 .134 96.9

Prim Inter- 1 95.8 4.1 .12 1 O0.0 1.0 .700 96.9

Prim Inter-2 82.5 15.5 t.9 .26 100.0 1.7 .033 86.2

Prim Evolved 73.0 2.4 16. 5 7,3 .32 99.50 5.0 .540 70.4

Inter-1 inter-2 87.9 9.2 2.6 .22 99.90 1.2 .188 88.9

Inter-1 Evolved 77.6 1.6 I 1.8 8.0 .27 99.22 4.1 .230 72.6

Inter-1 Evob,'ed 77.0 14.1 7.9 .25 99.25 2.0 .430 72.6

Inter-2 Evolved 88.9 3.0 0.8 6.3 .08 99.17 6.2 .730 82.0

Inter-2 Ev_3h,ed 89.1 3.5 6.4 .09 99.14 2.6 .710 82.0

Low-SiO2

ONB Low-SiO_ ONB

B-4 B-29 93.4 7.3 - .04 101.1 1.7 A60

B-4 B-26 85.1 14.1 .09 I00.0 3.1 1.77

Low-SiO2 QNB
ONB

B-4 Evolved 66.6 14.7 15.4 .85 97.6 26.6 13.5 61.5

High-SiO2

ONB Low-SiO20NB

B-41 B-4 87.0 - I 1.1 24.6 .02 100.6 16.9 6.00 93.7

B-25 B-4 90.4 - 14.3 24.8 .01 100.0 ! 3.1 4.39 99.8

B-25 B-29 84.1 -7.1 24.0 - .26 101.3 15.0 6.30

High-SiO2 QNB

ONB

B-41 Prim 82.6 8.4 8.1 - .73 99.80 3.8 .090 81.9

B-41 Inter. 1 77.5 9.5 11.9 0.08 .80 99.90 1.6 .003 79.3

B-41 Inter-2 68.0 8.5 20.6 1.8 .96 99.80 2.0 .050 70.5

B-41 Inter-2 69.9 7.8 21.7 .95 100.0 3. ! .330 70.5

B-41 Evob,,ed 59.8 11.2 20.7 1.0 99.10 5.7 .160 57.6

B-41 Evolved 59.8 10.9 21.0 6.6 .99 99.20 3.5 .140 57.6

Residual" = sum of the squares of the residuals.

F" = fraction of liquid remaining based on concentration of La in parent/concentration in daughter with bulk La D -= O.
• Indicates mineral not used in fit.

with the occurrence of augite phenocrysts in one of the

intermediate/2 bmsalts, and with the termination of CaO

enrichment seen at low MgO-contents in Fig. 6. We will return

to this important point later when we discuss the cumulates.

ONB parent magmas. Four separate problems must be

considered here: (1) Can the assumed low-SiO20NB parent

(clast B-4) fractionate to form more evolved low-SiO20NBs?

(2) Can a low-SiO2 parent fractionate to form the evolved

QNBs? (3) Can a high-SiO2 parent magma fractionate to form

the iow-SiO2 basalts? and (4) Can the assumed high-SiO2 parent

magma (clast B-41) fractionate to form various members of

the QNB suite?

The modeling calculations show that the more evolved low-

SiO20NBs (B-26, B-29) can be derived from a low-SiO2 parent

magma similar to B-4 by 7-15% olivine flactionation, with minor

Cr-spinel (Table 6). No pigeonite is required, consistent with

its absence as an early liquidus phase. However, a low-SiO2

parent magma similar to B-4 cannot be parental to the evolved

QNB suite samples. While a parent-daughter relationship

appears possible in Fig. 9, the mixing calculations show

extreme b" poor fits, with totals -_ 98% and the sum of the

square of the residuals > 10 (Table 6).

The calculations also show that high-SiO20NB parent

magmas cannot be parental to the low-SiO20NBs (e.g., B-

4, B-29). Not only are the fits for these mixes exceptionally

bad (sum of the square of the residuals = 4-6), but the solutions

all require negative olivine fractionation and substantial

pigeonite fractionation (- 25%) despite the fact that pigeonite

is not a liquidus phase in either suite.

Fractionation of the assumed high-SiO20NB parent magma

(B-41 ) results in excellent fits for all QNB suite samples. The

primitive QNBs require about 8% each o_'ine and pigeonite

fractionation, a result supported by the La fractionation factor,

wfffich indicates 16% crystalliTation (Table 6). The more evolved

QNB samples (intermediate/l, intermediate/2, and evoh,ed

QNB) require progressively more pigeonite fractionation of
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TABLE 7. Representative major element least-squares calculations for 15498 cumulates.

Cumulate Trapped T_d % Phases

Liquid Liquid

% Olivine Pigeonite Augite Cr.Spinel

Sum Error Residual" TL"

Cumulates QNB
B-12 Prim 33.3 42.5 1.3 19.5 .91 97.5 19.7 .544 40.0

B-12 Prim 33.5 43.5 -" 19.6 .91 97.5 7.3 .707 40.0
B-27 Prim 81.4 20.0 -6.7 3.2 .92 98.8 5.5 .096 -

B-42 Prim 74.9 27.4 -3.9 .56 1.1 100.0 6.2 .994 75.3
B- 12 Inter- 1 32.7 45.0 19.2 .92 97.8 5.9 .798 38.6

B-27 Inter.1 76.1 19.3 2.7 .96 99.0 1.5 .304

B-42 Inter- 1 70.4 28.2 .15 .39 1.1 100.2 4.8 .641 72.9
B-12 Inter-2 28.3 42.3 6.4 19.6 .99 97.7 16.4 .385 34.3

B-27 Inter-2 67.4 19.8 6.1 4.5 1.1 99.0 2.8 ,030

B-42 Inter. 2 61.8 27.1 8.1 1.9 1.3 100.2 5.9 .977 64.9

B-12 Evolved 24.5 43.9 6.3 21.9 .99 97.5 16.8 .476 28.0

B-27 Evolved 59.0 22.1 6.8 9.3 1.2 98.4 5.1 .550

B-42 Evolved 54.2 29.6 8.3 6.3 1.3 99.7 2.8 .207 53.0

Cumulates Low-SiO20NB
B-12 B-4 30.6 41.9 23.7 .97 97. ! 12.6 4.89 45.6
B-27 B-4 81.6 2.4 8.3 6.1 .41 98.8 22.4 3.34

B42 B-4 76.1 10.4 10.1 2.7 .64 100.0 22.9 6.71 86.2

Cumulates High-SiO20NB
B- 12 B-41 40.7 37.6 18.9 .59 97.7 7.3 .333 48.6

B-27 B41 989 11.4 - 14.1 2.8 .19 99.2 3.7 .143

B-42 B-41 91.3 19.3 - 10.6 .40 100.4 4.8 .621 91.9

Residual" = sum of squares of the residuals.

TL" = amount of trapped liquid based on concentration of La in whole rock/concentration in TL with bulk La D m O.
• indicates mineral not used in fit.

a high-SiO2 parent magma, along with 8%-11% olivine and

minor Cr.spinel (Table 6). Although B-41 can fractionate to

Inter.2 and Evolved with or without augite, the presence of

augite phenocr3.'sts suppo_s the model with augite. La

fractionation factors are within 2% of the major element mixing

resa.tlts, which confirms the solutions.

Cumulates. The olivine-pyroxene cumulates are best

modeled as cumulate rocks that reflect the mixing of cumulus

phases (olivine, pigeonite, augite, Cr-spinel) with trapped

intercumulus magma. These calculations take the form:

cumulate rock = cumulus phases + trapped liquid. The amount

of trapped liquid calculated from the major element modeling

can be cross-checked using La to calculate the fraction of

trapped liquid by mass balance, assuming the bulk partition

coet_cient for La is zero (i.e., [La_x/Lart] = mass fraction

trapped liquid). This is shown in Table 7 as TL'.

Mixing calculations which assume a trapped liquid

composition similar to the Iow-SiO2 parent magma B-4 all result

in poor fits to the actual cumulate rock compositions (Table

7). Errors about the sum are large, and the sums of the squares

of the residuals range from 3.3-6.7 on the best solutions. Models

which assume a high-SiO2 parent magma (B-41 ) have negative

pigeonite, except for cttmulate clast B-12. This clast can be

modeled reasonab b, well if pigeonite is excluded from the fit,

but this is not consistent with petrographic evidence for

cumulus pigeonite.

The trust fits to these cumulates are achieved using QNB

suite magmas for the trapped liquid component Even here,

fits which use the primitive and intermediate/1 QNBs as the

trapped liquid component yield poor fits (Table 7). The best

solutions result when the trapped liquid component is assumed

to have an evolved composition, similar to intermediate/2 QNB

or evolved QNB (Table 7). These results are confirmed by

the La mass balance calculations, which show the closest

correspondences for evolved trapped liquids.

Defloration of at least one of these cumulates (B-12) from

an evolved parent magma is supported petrographically by

presence of cumulus augite. Augite occurs as a phenocr),st

phase in the intermediate/2 QNBs, but not in less evolved

QNBs. The onset of augite saturation at this point is further

supported by the termination of the Ca-enrichment trend in

the evolved QNBs (Fig. 6).

Relationships to Other Apollo 15 Mare Basaits

Two of the seven mare basalt groups described above have

not been reported by previous studies of Apollo 15 mare

basalts--the evolved QNB group, and the high-SiO20NB group.

There are probably two important reasons for this: (1) the

geographic location of the sample site, and (2) analytical

limitations of the previous data set.
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Mare basalts were collected at three main Iot_tions: Station

1 (Elbow crater), Station 4 (Dune crater), and Station 9a

(Hadle3, Rille rim). Pyroxene basalts (QNB) were common

at all three sites, but olivine bas, alts were found only at Station

9a. In addition, a few mare cumulates were collected at Station

7. This distribution _ggests that p)a'oxene basalts are laterally

contiguous and underlie the entire mare plateau (ALG/'/;, 1972).

The olivine basalts are interpreted as a thin flow unit that

overlies the pyroxene basalt layer locally, but does not occur

near the Apennine Front. Becau_ 15498 was collected from

the rim of Dune Crater (Station 4), the basalts present in

this sample may come from as deep as 90 m--below the

pyroxene basalt flows that underlie most of the site (ALGIT,

1972). Thus, the ONB and QNB clasts in 15498 may represent

flows that predate the more common mare basalt samples

studied previously. This interpretation is strengthened by the

fact that 15498 is a breccia produced by impact processes

containing random fragments of mare baxalt. Thus, a wSder

range of compositions, from deeper stratigraphic levels, is more

likeb' to be found.

Another possibility is that chemical differences between

subgroups _Sthin each mare basalt suite (ONB versus QNB)

have been masked by limited anal)_icat data, and by chemical

data of poor quality. For example, 15065 is a slightly oli_4ne-

normative basalt that Rhodes and Hubbard (1973) group w4th

the QNBs, based on its chemical similarity to that suite. This

rock is very similar chemically to the high-SiO20NBs described

here, and may represent the largest single sample of this group

(but not necessari b, from the same flow).

Ryder atut Steele (1987) have recently re-analyzed several

Apollo ! 50NBs, and calculated mass-weighted averages of the

new and existing analyses. The 3, used the .same technique V,llich

we employed (fused bead EMP anal)_is), so our data sets should

be comparable. Several of the analyses presented by Ryder and

Steele have chemical characteristics similar to the high-SiO2

ONBs described here: 15274, 15387, 15641, 15651, and

possibly 15672. These samples have high SiO2 for their MgO

content, higher AI20_, and lower 1302 than the "normal," low-

SiO20NBs with which the)" are correlated. Curiously, three

of these samples (15641, 15651, 15672) were clas,sified as

"Olivine microgabbro B" by Bimler et al. (1980), waho noted

their deviation from the other olivine-phyric samples. The other

two samples (15274, 15387) are picrite basalts ("feldspathic

peridotite" of Dowry et al., 1973) that are similar to the olivine-

pyroxene cumulate B-12. Although these rocks may not be

directly related to the high-SiO20NB group studied here, the),

may represent primitive, olivine-normative parent magmas to

other QNq3 lava flows (or cumulates derived from these QNB

flows). In any case, the data imply that more than one suite

of olivine-normative basalt is present at the Apollo 15 site.

Resolving these distinct ONB groups will be difficult, however,

because basalts of the surface-outcropping units dominate the

sample suite.

CONCLUSIONS

The data presented here document a greater diversity in

Apollo 15 mare basalts than w-as recognized in earlier studies

and provide important new constraints on mare basalt

petrogenesis at thi_ site. The wider range of basalt t)pes found

here allow us to identify potential parent nkagmas, test

interrelationships between sample groups, and define probable

lines of descent. Our main conclusions are:

1. The Apollo 15 quartz-normative basalts (QNB) may be

sulxlivided into four groups based on chemical variations: (a)

primitive QNB, (b) intermediate/1 QNB, (c) intermediate/2

QNB, and (4) evolved QNB. The primitive QNB are commonly

olivine-phyric and may be parental to the more evolved QNBs.

The intermediate/I, intermediate/2, and evoh, ed QNBs

represent progres,sively more evolved compositions that may

be related to the primitive QNB group by crystal _actionation

of olivine (early), pigeonite, and augite (late). Chemical

_riations within each of these four groups can be explained

by the short-range unmixing modeI of Lindstrom and Haskin

(1978, 1981).

2. _le Apollo 15 ollxine-normative basalts (ONB) comprise

three distinct groups: (a) Iow-SiO2 ONB, (b) high-SiO2 ON[3,

and (c) olivine-pyroxene cumulates. The low-SiO20NBs are

the same as the ONB suite described by earlier studies. The

high-SiO20NBs are a new type of mare basalt that were not

recognized by previous studies. The olivine-pwoxene cumulates

corresl:xmd to the feldspathic peridotites and olivine gabbros

described by Dowry et al. (1973).

3. Least-squares mixing calculations show that the high-

SiO20NBs may be parental to the QNB suite, documenting

the first link between ONBs and QNBs at the Apollo 15 site.

The composition of the high-SiO20NB clast B-41 is the identical

to the h)pothetical QNB suite parent postulated by _//

aml Green (1973).

4. Least-squares mixing models show that x-ariations within

the Iow-SiO20Nq3s can be explained be olivine fractionation.

However, the low-SiO20NBs cannot be parental to an)' of

the QNB lavas, nor can the low-SiO: ONBs and high-SiO20NBs

be related by either short-range tmmixing or fractional

cr3_.allization.

5. The discovery of new basalt DT,,es in breccia 15498 may

result from its geographic position near the edge of the mare

plain, where normal ONBs are scarce, and from its presumed

origin as ejecta from Dune Crater. The ejecta from this crater

may come from as deep as 90 m, well below the ONB and

QNB flows exposed at the surface. In addition, new data on

mare basalts from other stations suggests that the new basalt

groups may be more widespread than pre_iousb' recognized.
6. The cumulates are similar to Apollo 15 picritic basalts

(Ryder and Steele, 1987) and feldspathic peridotites (Dow 0,

et aZ, 1973). The), also have characteristics similar to ultra-

marie rocks from the Apennine Front (M. M. Lindstrom,

personal communication, 1987). The presence of cumu/us

augite in clast B-12 suggests a relationship to the more evolved

QNq3s, which is supported by our fractionation models.

However, the relationship of the cumulates to the basalts is

still imprecise due to the large uncertainties in the results.
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Note added in proof:

It has been pointed out to us that our m(rdeling of the primitive QNrB group by fractionation of olivine

in pigeonite from a high-Si ONB parent is in conflict wfth experiment:d data slaowing the primitive QNB

group to have olixfine a.s the sule liquidous phase. Fractionation models with olixfne and CR-spinel as

the liquidous pha._-s in a high-Si ONB give results similar to the olMne pigeonite models, although the

fits are not quite as good ( 13% oLivine, 0.3% spinel, 869,6 daughter melt, with 1.3% error and 1.6% residual )

The poorer fit probably reflects minor de_fations of B-41 from a true liquid composition as a result of

short range unmixing. This does not, however, im-alidate our basic conclusion that high-Si ONB magmas

similar to B-41 are parental to the QNB suite. More ,samples are needed to better define riffs Liquid

composition.
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!!URGENT ACTION REQUIRED FOR THOSE INTERESTED IN LUNAR SCIENCE!!

Dear Colleague: May 17, 1993

There is a fundamentally important opportunity for lunar science in the present NASA FY 94

budget before Congress, and the purpose of this letter is to alert you to actions on your part that
are necessary to translate this opportunity into reality. These actions are very time-critical and

involve the LOW-COST, RAPID DATA RETURN, LUNAR SCOUT MISSIONS; it is imperative

that a signifwant segment of the scient(fic community act in the very nearest future.

Background:

*In 1992, the NASA Office of Exploration proposed two low-cost Lunar Scout missions,
consulted with LExSWG and the scientific community, chose instruments, and manifested payloads.

These missions are excellent examples of NASA's 'faster, cheaper, better' new way of doing

business and they have been extremely well managed by the Johnson Space Center. The details of

the missions have been described at several special sessions at scientific conferences, and there are

abstracts describing the mission and instruments in LPSC XXIV, as well as a Dear Colleague letter

from Lunar Scout Program Scientist Don Morrison that we all received early this year. "Faster,

cheaper, better" means that the missions cost about $150M, will be at the Moon in less than three

years, and will have an excellent payload returning data to the Planetary Data System almost

instantaneously.

*The resulting missions were rated as Excellent (the highest rating) by LExSWG and the Solar

System Exploration Subcommittee in meeting the highest lunar orbital measurement objectives

outlined by LExSWG (1. Global elemental composition, 2a. Global gravity, 2b. Global topography,

3. Global mineralogy, 5. Global imaging).

*Galileo Lunar Encounter data and potential Clementine data were viewed as complementary, but

clearly can not achieve the highest scientific objective (1. Global elemental Composition) and rank
only poorly to moderately in addressing the other objectives.

*Recently, during the ongoing reorganization of NASA, the Office of Exploration was disbanded

and the Lunar Scout Missions were transferred back to the Office of Space Science under Associate
Administrator, Wes Huntress.

*The Lunar Scout mission concept was born under Wes Huntress' leadership in Code SL prior to

being transferred to the Office of Exploration and follows a long line of pre-Apollo automated
missions from that office (Ranger, Surveyor, Lunar Orbiter). While the Lunar Scouts were

important precursors to the now-defunct Space Exploration Initiative (SED, it is crucial to point
out to Congress that they are fundamentally important science missions, and not tied to SEI.

*These missions are key examples of the emphasis on technology development and should be

viewed as an important contribution to President Clinton's plan to provide significant scientific
return while simultaneously developing and using new tecbnoiogy.

*Presently, the Lunar Scout missions are in the budget under the New Technology Investments
and Space Station line and a total of $2.3B has been requested for the two items with the details

left TBD. When the NASA Administrator released the budget, he described "small lunar orbiters

that could carry out the first post-Apollo scientific discovery flights to the Moon." Unfortunately

because of the lack of knowledge of the Space Station configuration and thus the remaining money

in this line, the Scouts, and any other items in this part of the budget, are not called out in the
submitted budget as line items with specific budget numbers.

_uluna_: In contrast to almost aH previous years since Apollo, the lunar science community is

on the verge of completing the basic measurements necessary to provide the global geochemical,

mineralogical, geological, topographic, and gravity context for the Apollo, Luna, and meteorite
samples and related data. It goes without saying that these data will breathe new life into one of

the most fundamental laboratories for the study of comparative planetology in the Solar System.

We have waited over twenty years to obtain the global context and coverage that will permit us to
make major new advances in lunar and planetary science.

(over)



Concerns and Actions:

1. Because these missions were switched very recently from the Space Exploration Initiative back

to Code S and SL, it is imperative to let NASA Administrator Dan Goldinknow. and to reiterate£o

_es Huntress (Associate Administrator for Space Science) and Bill Piotrowski (Acting Head of the

Solar System Exploration Division) that the Lunar Scout Missions are very important to the
scientific community and that they should be supported in the FY 94 budget. Key items to mention

are the scientific merit and the fact that there is a large number of investigators supporting the

mission concept and utilizing the returned data. Don't assume that your views are known!

2. Because the budget is so inexplicit in detail due to the Space Station redesign effort, most

members of Congress are not fully aware of the opportunity that the Lunar Scouts present. In

addition, there are many new members of Congress, and they need to be informed of the significance

of these missions. Iris imperative to write your Congressional dele__ation and the leaders and
members of the key ConpTessional committees to Iet them know of the sipnificance of lunar science

and the Lunar Scout missions. This will let them know that there is a constituency, and that there

is something really important to do with the money remaining after the Space Station redesign.

Following is a list of possible points that you might mention.

Please let JWH know (Internet: Head@pggipl.geo.brown.edu - Telephone 401-863-2526 - FAX

401-863-3978) if we can provide any further information and please send copies of any letters that

you write. Remember, without these letters, these missions will not happen!

J_ames W. Head

Brown University

Carle Pieters

Brown University Brown University

E. Marc Parmentier

Brown University

Some Characteristics and Benefits of Lunar Scout Missions:

*The Moon is a cornerstone in comparative planetology made even more valuable by the samples
returned from known and well characterized landing sites.

*There have been no dedicated lunar polar orbital missions in the last 20 years.

*_:

-Provides global elemental, mineralogical, image, topographic and gravity data.

-Provides context for existing data from Apollo and Luna missions and lunar meteorites.
-Permits fundamental questions of lunar formation and evolution to be addressed.

-Allows us to fully utilize the existing lunar sample collection.

-Allows real synthesis of lunar geochemical, geological, and geophysical data.

-provides an important basis for asking the next level of scientific questions about the Moon

and formulating the important measurement requirements and mission strategies.

-Provides the data base to consider the next appropriate level of human lunar exploration.

-Provides a basis for the development of small high-technology experimental missions to the
Moon.

-Achieves first-order scientific objectives and measurement requirements not met by the Galileo
Lunar Encounters and Ciementine.

*The data from Lunar Scouts will go to the Planetary Data System and be available to the full

scientific community virtually immediately.

*NASA will very likely have a Lunar Data Analysis Program for these data.
*The Lunar Scouts meet all the criteria for new NASA missions: they are small, low cost, have

focused science objectives, develop new technology, can be ready rapidly, and are of short duration.
*A new start in FY 94 could result in a spacecraft orbiting the Moon in 2.5 years and a second

spacecraft there in another six months.

*The Lunar Scouts are supported by the scientific community and advisory panels (LExSWG,

SSES).
*The lunar science community consists of a large number of individuals in many different

disciplines (sample studies, geochemistry, petrology, mineralogy, geology, geophysics, remote

sensing, etc.).

!!URGENT ACTION REQUIRED FOR THOSE INTERESTED IN LUNAR SCIENCE!!
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Apennine Front Revisited: Diversity of Apollo 15 Highland Rock Types
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The Apollo 15 landing site ks geologically the most complex of the Apollo sites, situated at a mare-

highland interface within the rings of two of the last major basin-forming impacts. Few of the Apollo

15 samples are ancient highland rocks derived from the earl)' differentiation of the Moon, or impact

melts from major basin impacts. Most of the samples are regolith brecci:Ls containing abun "dant clasts

of younger volcanic mare and I_,EEP basalts. The early geologdc evolution of the region can be understood

only by examining the small fragments of highland rocks found in regollth breccias and soils. Geochemical

and petrologic studies of clasts and matrices of three impact melt breccias and four regolith brecci;ts

are presented. Twelve igneous and metamorphic rocks show extreme diversity and include a ne_' t)_e

of ferroan norite. Twenty-five .samples of highland impact melt are di_4ded into groups based on composition.

These impact melts form nearly a continuum over more than an order of magnitude in REE concentrations.

This continuum may result from both major basin impacts and younger local e_'enLs. Highland rocks

from the Apennine Front include most of the highland rock types found at all of the other sites. An

extreme diversity of highland rocks is a fundamental characteristic of the Apennine Front and is a natural

result of its complex geologic evolution.

INTRODUCTION

The At:x)llo 15 landing site is at the interface between the

mare basalts of Palus Putredinus, which are exposed at Hadle T

Rille, and the highlands of the Apennine Front, exposed at

Hadley Dcha (ALGIT, 1972). The Apennine Front represents

the tim of the Imbrium basin, but al_ fal[_ within the _renitatis

basin (Spudis and Ryder, 1985). Highlands materials at the

Front are therefore expected to consist of Imbrium ejecta

overlying Sercnitatis ejecta and possibly pre-Serenitatis materials

(S/nd/s, 1980) . Although some of the returned samples are

rocks from the ancient highland crust or melt breccias

repremnting major basin impacts, most of the samples are

younger mare and _(EEP basahs or regolith breccias, w4lich

are complex mixtures of lithic fragments, glasses, :and ,soils

(A15PET, 1972; Chamber/oJn aml Watkins, 1972). The Apollo

15 Workshop (Spud/s am/Ryder, 1986) focused attention on

the unsolved problems of the provenance and petrogenesis

of Apollo 15 ._mples. Numerous research projects, including

this one, were undertaken to resolve the unanswered questions

at the Hadl_'-Apennine site. Results of some of those studies

have ",drea@' been published (Koroter; 1987a; Ryder, 1987;

Ryder and Spud/s, 1987; Simon et aL, 1986). This volume

contains reports of sevet-al other studies. This paper presents

petrologic and compositional studies of matrices and clasts

from seven Apollo 15 pol)allict breccias, which demonstrate

the diversit T of rock t3.pes at the site in comparison _4th rocks

found at other sites.

CHARACTERIZATION OF APENNINE FRONT

HIGm_ANI) R_

Sampling and Analytical Procedures

This paper presents the results of a surv_, of Apennine Front

roclc_ (Lindstrom, 1986) and detailed consortium studies of

slabs from two regohth breccias: 15459, from the Apennine

Front (Limtstrom and Marvin, 1987), and 15498, from the

mare plain (l_tter et ad., 1987a). Sampling techniques and

experimental procedures of the three studies differ.

Six polymict breccias collected at Station 7 on the Apermine

Front were chosen to surve), the materials at the Front. These

included three regolith breccias (15426, 15435, 15459) and

three impact melt breccias ( 15405, 15445, 15455). The impact

melt breccias were studied previously by R/d/ey ( 1977; Rk/./ey

et al., 1973) and by the Imbrium Consortium (Wood, 1976).

Ryder and Bower (1977) described the black and _4aite

breccias (15445, 15455) as LKFM impact melts containing

clasts of Mg-suite plutonic rocks. Sufficient major and trace

clement anal)_,es of these clasts were a_ailable (Ryder, 1985),

so no new clast studies were done. Further characterization

of the bulk compositions of the impact melt matrices was done

on three matrix splits from each breccia. Breccia 15405 was

described by Ryder (1976) as an impact melt rock consisting

of KREEP basalt and its differentiates. He identified its most

conspicuous clasts as quartz monzodiorite, and the), have since

been studied extensively (Nyqzdst et al., 1977; Taylor et al.,
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I",'0 PROCEEDINGS OF THE 18lh LPSC

TABLE 1. Compositional and petrographic characterization of samples.

Generic INAA' Pet "f T}pe** Composition/Texture

15405 170 170 C PIutonic "aLkali norite

171 9010 C Ik,w_q_/ungrouped impact
melt

173 M _EP/A impact melt

174 M KREEP/A impact melt

175 M K__EEP/A impact melt

181 9009 C Catac_stic "alkali anorthosite

15426 137 9010 C Plutohic Mg-troctolite

15435 54-1 C _/B impact melt

54-2 C LKFM/B impact melt

15445 244 M LKFM/D impact melt

245 M LKFM/D impact melt

246 M _/D impact melt

15455 258 M _/D impact melt

259 M I_/D impact melt

260 M I._"M/D impact melt

15459 231 231-2 C I.KFM/E impact melt

231W 9008 C Cataclastic Mg-anorxbosite

237 237 C MK..-_M green glass

238 9012 C Granular Fe-anorthositic

norite

239A 9009 C Contaminated Fe-anorthosite

239W 9010 C _/D impact melt

241 C _EP/A impact melt

242 9011 C KT,EEP/A impact melt

274 337 C Catacla._tic Fe.anorthosite

279 339 C Granular Fe-norite

286 340 C LKFM/D impact melt

288 289 C Fe-granulitic breccia

290 342 C LKFM/A impact melt

292 343 C Granular Fe-norite

305 345 C LKYM/B impact melt

309 346 C Mg-po" -lkilitic granulit e

313 347 C _/B impact melt

315 316 C Quartz monzodiorite

317 318 C _/ungrouped impact

melt

320 348 C IJ_M/E impact melt

329 349 C _/B impact melt

15498 158 236 C MkTMgreen gl_

192 193 C I.l_'M/Cimpactmelt

209 210 C _/Cimpactmelt

• INAA subsample number.

iThin section subsample numb:r.

+*Clas((C) or matrix (M) sample.

1980). We analyzed three splits of matrix and three w4aite

clasts, none of v, ffiich had been studied previously.

The regolith breccias included two friable clods (15426 and

15435) and one brown glass matrix breccia (15459). 15426

consists mostly of primith,e mare green glass (De/ano, 1979;

Ma et al., 1981; Ryder, 1985). We analyzed a bulk sample

of the clod and two clasts. Only one of the clasts is a highland

rock. Results for the mare materials w411 be presented

elsewhere. 15435 w-as the pedestal for anorthosite 15415. We

analyzed a bulk sample and two coherent clasts. Brown glass

matrix breccia 15459 was the largest highland rock returned

fi'om the Apollo 15 site. It contains two large clasts, a 5-cm
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a b
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Fig. 1. Photomicrographs of igneous and metamorphic rocks (field of ,,iew approximately 1 mm for each photo). (a) Fcrroan anorthosite

15459,337 (partially cross-t'x_Iarized light) sho_ing cataclastic texture_ crushed mosaic grains v,ithout granulitic recr3rstaIlization. Note offset

of Iv-in lamellac. (b) Ferroan noritic anorthosite 15459,239a (cross-polarized light) showing crushed granular texture and matrix contamination.

(c) Ferroan anorthositic norite 15459,238 (cro_-polarized light) showing block3' plag;oclase grains with intergranular p)Toxene. (d) Magnesian

troctolite 15426,137 (cross-polarized light) showing large block"3" olivine grains with scattered Ivfnned plagioclasc. (e) Magnesian anorthosite

15459,231w (crossed polarized light) showing strained coarse plagioctase and exsolved p._a-oxene in granular groundma&_. (f) Alkali anorthosite

15405,181 (cross-polarized light) showing large block')' plagioclasc grains in granular groundmass. Note large exsolved pyroxene grain at

left. (g) Alkali gabbronorite 15405,170 (cross-polarized light) showing coarse grairu_ of plagkx:lase and pyroxene. (h) Quartz. monzodiorite

15459,316 (backscattered electron image, field of vie_. 4 microns) sho_ing ex_olved p.vroxene and interstitial minerals. (i) Fertoan norite

15459,339 (partiaUy cross-polarized light) showing cataclastic texture and lack of recr35talization of plagiocla.se (gray to _'hite) anti p}toxene

(bright v,ith dark rims). (.j) Ferroan norite 15459,343 (transmitted light) showing coarse igneous texture offset along a fault plane indic'ated
by arrows. The plagJoc_e (white) is granulitic, the darker material is predominantly orthop3toxene. (k) Granulitc 15459.289 (partially

polarized light ) showing fine-grained granular recr3_aJlized texture. (1) Poikilitic granulite 15459,346 (Partially rx_larized light ) showing coarse

poikilitic texture.
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greenish mare basalt and a 3.cm white highland clast. The

brief petrographic description (kidlo; 19-,), and comparisgm

of its bulk composition t, tho_- of other ._11o 1_ regolith

brcccias ( _Ccnx)tet; 198 =' and unpublished data), suggested that

clasL_ of highland pluto:tic and impact melt lithologies might
be more abundan,, than in other breccias We .selected 14

samples of clast_ and matrix of 1";i'59for anal)_is.

The Apennine Front survey .vm-_i,!es were analyzed by ENAA

at W:_hinglon UniversiLv using the p:,ycedures of Koron,v

(198"rc). _lected samples were later an;d_v.ed at the Univcrsit T

of Missouri, Columbia for short-lived i._)topes. Most o! thc._

.samples were then thin-._ctinned for petrographic studies.

Pctrogral_hic characterization and microprobe anal).,_es of

15405 clasts were done by Shervais and Vetter. Simil.:_ studies

of the t 5426 clast were done by D. Mittlefehldt a_ .!.,:; ,'personal
communication, 1987), wlzile studio> of 154_9 clasks were d_me

by Mar_'in.

The initial study" of breccia 15459 v_s sufl;,ic'ntly prcvductiv_- -

tha_ a consortium stud).' of a sl-d_ u_t_ initiated by Linctstrom.

The slab was mapped by Mm'in .and samples _lcctcd :-nr

ex'tnLction larger clasts were ._li: for thin _ctions and IN _h

Petrographic char.i-_crization XV:L_done by Marvin using a
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JEOL733 microprobe. Trace element an',d}._cs were done b,"

INAA at Washington Universit T. Major element anal).'ses of two
clasts (15459,279 and ,292) were determined by She_-ais and

Vetter using microprobe anal}.'ses of fused beads

Con_rtium stud), of breccia 15498 from Station 4 on the

mare plain v,'a.s organized by Sher_tis, _4ao maplxcd the slab

and _lected clasts. Studies of the mare clasts are reported

in l:,tter et al. (1987b). Analyses of three highland clasts from

thi marc breccia are reported here. The clasL_ were split for

thin _.ctioning prior to anal-,sis Petrographic studie< were done

by She_'ais and Vetter. Splits for bulk anal_.,ses were ground

and split again for major element anal)_is of fused beads and

INAA, which was done at JSC using dm procedures of Jax'obs

et at. (lX)77).

Table 1 presents a brief petrologic and compositional

characterization of each uf the samples .'¢,ampl_ are listed in

Table I b\ generic .,_arnple number XXqaen a clast wm_ .split

for duplicate anal_.",_:s it is listed onl) once. but b_,th anal',."_es

are given lat__;'. When a polymict sample was .separated into

_-,'er'al Iithotogie.,,, fl_ey arc listed ._-paratcly in Table 1. Detailed

discussions in the fi_llowing _-cti_,ns are organized by rock

classification based on a combina,Aon of comt'x_sitional and
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petrographic characteristics. This paper deseril',es clasts of

highland origin and includes 12 igneous and metamorphic

rocks, 25 inch breccias, and 2 glasses. Studies of seven cla.sts

of mare origin will be reported clsewhere.

Igneous and Metamorphic Rocks

Twelve clasts of highland crustal rocks are characterized in

the foUowing section. Tcn of the rocks have at least rclict

plutonic textures, whilc two are more recrystallized

metamorphic rocks. Photomicrographs of these clasts are

shown in Fig. 1. Major mineral compositions are compared

to preMously defined fields for pristine rocks in Fig. 2, a plot

of Mg" in marie minerals versus An in plagioclase (llkrren

et al., 1983; ldndstrom et al., 1984). Bulk compositions of

the cla.sts arc presented in Table 2. Man)' of the clxsts are

examples of familiar rock tTpes. There are plutonic ,samples

belonging to fcrroan, magnesian, and .alkali suites of highlands

rocks. One rock is a highly differentiated quartz monzodiorite.

Metamorphic rocks are lunar granulites similar to those found

at all highland sites and in the lunar meteorites (Warner et

a/., 1977; /dm'/strom arm Lit_trom, 1986). Two clasts are

plutonic-textured ferroan norites with mineral compositions

Idling between the fields of the familiar pristine rock suites.

These are discussed in detail here, while petrographic and

compositional characteristics of rocks belonging to the fanailiar

suites are only briefly _mmarized and compared to other

examples of similar rock t_pes.

Ferroan anorfbosltlc rocks. Three of the clasts are

ferroan anorthosites. Cataclastic anorthosite 15459,274/337 has

a coarse-grained (up to 1.5 ram) mosaic texture (Fig. la),

consisting almost entirely ofplagioclase of tmfform composition

(Angr). Minute (1 micron) il,clusions of pyroxene

(EII_.Fs32_'O2; En44Fs, iWo4s) occur in thc plagioclases, and tin)'

interstitial grains of ilmertite are also present. The bulk

composition of this anorthosite is very nearly that of pure

piagioclase. Concentrations of transition metals, incompatible

elements, and meteoritic siderophiles are all very low. The

REE pattern (Fig. 3a) sho_,.'s the low concentrations and positive

Eu anomaly characteristic of plagiocla.se. The bulk and mineral

compositions of this anorthosite are similar to those of 15415

(Janws, 1972; Ha._'n et al., 1981), but its texture shows less

recrystallization and annealing.

Clist 15459,239a is a cataclastic anorthosite with a small

amount of matrix contamination. The thin .section contains

numerous mineral and lithic fragments, most of which are

plagioc -lase (Fig. lb). Some plagioclase fragments are crushed,

others have a fine-grained granulitic texture. Scattered marie

minerals are found in small patches of matrix contamination

and not associated with the bulk of the plagioclase. The hulk

composition reflects the matrix contamination in its lower

A1203 and CaO concentrations and higher transition metal and

incompatible element concentrations. The REE pattern (Fig.

3a) is flat, v,-ith a positive Eu anomaly and concentrations higher

than those of most marie anorthosites. However, the plagioclase.

dominated REE pattern limits matrix contamination to a few

percent.
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rocks compared to those of pristine rocks ( Wamen et at., 1983). Hotted

arc Mg" = lMolar Mg/(Mg + Fe) x 100] versus An = [Molar Ca/(Ca

+ Na) _ 100] for Apennine Front samples. Shaded symbols are from
this stu_', open _'mboB represent other related rocks: ferroan norites

(R/d/@; t977); ;dkali gabbronorites (James et al., 1987); and quartz

monzodiorite (Ryder, 1976). Alkali norite, gabbronoritc, and quartz

monzodiorite define a new alkali-suite field Ferroan norites plot at
the extertsion of this fi,.Id Ferroan norites plot at the extension of

this field. N is Apollo 17 norites.

i

60 70. 80. 90. :tO0.

An _n plagioclase

Compositions of major minerals in igneous and metamorphic

Clast 15459,238 is a cataclastic anorthositic norite consisting

of 61% pla_oclase, 29% pyroxene, and 10% olivine with

accessory Al-Ti-Mg-chromite and Mg-ilmenite. Plagioclase

(An9s.98) occurs predomirtantb/ in grains up to 1.4 mm long

that have been crushed and parti-dly randomized optically.

Other patches of plagioclase approach granulitic texture (Fig.

lc). Irregular grains of p)a'oxene, up to 600 microns across,

show fine exsolution lamellae with compositions of

En67Fs31Wo2 and En41FSl3_'o,_6. OUvine (dominantly Fosg-61)

occurs in individual grains, up to 100 microns long, that are

browrlish-orange in color. Although erttshed and partially

recu,'stallized, the relict texture of this rock indicates a plutonic

origin. The bulk composition is that of a marie anorthosite.

Concentrations of transition metals are three to four times

higher than 15459,239a marie anorthosite, but LREE

concentrations are lower and reflect little or no contamination

(Fig. 3a). The composition and texture of this plutonic

anorthositic norite are similar to those of 15243,17 (Ryder

et ad., 1987). The composition is almost identical to that of

15418, the large severely shocked and recrystallizcd
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TABI.E 2. Comlx).,dtiorts of Apennine Front igneous and metmnorphic rocks.

Fc_oanAnorthosites Mg-suite Alkali Suite FcffoanNodtt.._

FA FAN FAN M_ MgA AA AN QMD FN FIN

15459 15459 15459 15426 15459 15405 15405 15459 15459 15459

,274 ,239a ,238 ,137 ,231w ,181 ,170 ,315 ,279 ,292

Metamorphic

GRAN POlK

15459 15459

,288 ,309

TiO_ (%) 0.17 0.31 0.48 0.36

AltOs 27.8 24.2 12.7 30.7 30.4 24.4 24.4 30.4

FcO 0.226 i.71 6.27 7.47 1.51 0.302 4.30 12.9 6.88 10.9 4.22 5.82

MgO 1.5 6.1 31.3 1.8 !.0 4.4

CaO 19.0 17.0 15.1 5.8 17.4 17.6 16.4 11.3 13.1 109 16.3 12.6

Na20 0.334 0.452 0.297 0.177 1.02 1.81 0.91 0.86 0.607 0.525 0.384 0.578

K20 <.12 <.14 <.7

Sc (ppm) 0.676 3.46 il.92 5.41 3.53 0.591 9.25 29.6 9.84 18.6 6.60 7.17

Cr 26.0 520 740 630 170 5.6 570 1180 2730 2360 390

Co 0.235 6.60 ! 4.4 38.9 5.05 0.36 18.0 10.0 26.4 30.1 6.09 18.0

Ni <6 145 65 110 35 <50 <40 28 5 i <40 88

Rb 0.36 <8 <10 <3 <2 5 46 <9 9 <4 <7

Sr 170 150 150 80 340 580 230 190 160 120 170 170

Cs 0.097 0.52 OA 1 0.05 0.14 0.19 0.26 1.25 0.12 0.13 0.034 0.073

Ba 7.2 80 28 180 140 180 890 1100 140 llO 30 160

La 0.183 2.16 1.43 17.1 8.03 15.1 470 108 5.77 4A6 2.36 8.35

Ce 0.47 6.10 3.80 38.3 19.7 39.2 1254 280 16.6 14.5 6.26 20.7

Nd 2.37 2.00 15.7 9.4 24.0 780 160 7.7 5.5 4.1 13

Sm 0.105 0.84 0.71 4.10 2.72 7.08 213 47.2 2.29 2.98 1.12 3.41

Eu 0.80 0.94 0.74 1.23 2.37 4.85 4.00 2.26 1.40 1.78 0.820 1.34

Tb 0.143 0.151 0.166 0.80 0.53 1.48 42.0 10.7 0.59 1.03 0.224 0.74

"Fo 0.052 0.63 0.61 5.69 !.24 2.08 94.0 36.9 2.33 5.15 0.750 2.80

Lu 0.0069 0.112 0.104 1.00 0.187 0.320 11.9 5.07 0.361 0.775 0.119 0.448

Zr <6 110 <80 1030 50 80 220 1510 120 50 40 100

Hf 0.029 1.65 0.55 22.9 1.42 2.29 11.0 36.5 2.63 1.05 0.74 2.65

Ta 0.0045 0.12 0.37 2.73 0.216 0.08 0.96 4.77 0.48 0.058 0.I10 0.395

Th 0.0048 0.23 0.14 2.4 0.76 0.53 39.4 22.3 1.23 0.15 0.258 0.83

U <0.01 0.06 <.07 3.64 0.21 0.07 1.6 6.4 0.60 0.05 0.0(,4 0.17

lr (ppb) <1 <2 i.8 <2 <2 <! <3 <4 <2 <2 <2 <3

Au <1 <2 <I <1 <I <1 <6 <7 <2 <2 <2 <2

Analyses by INAA, one sigma uncertainties based on counting statistics are: 1-2% for A/20._. FeO, NazO, Sc, Cr, Co,

I_ Sin, Eu; 3-10% for CaO, Sr, Ba, Ce, Tb, Yb, Lu, I-L(, Ta, Th; 10-40% for TiO2, MgO, K20, Ni, Cs, Nd, U, (Ir, Au).

anorthositic gabbro (AI5PET, 1972). This similarit T in

composition supports suggestions by Nord et al. (1977) and

Ia'ndstrom amlLindstrom (1986) that 15418 is a metamor-

phosed plutonic rock

MagneMan suite rocks. Clast 15426,137 is a magnesian

troctolite. It is a coarse-grained plutonic rock (Fig. ld)

consisting of 65% olivine (Fo_), 35% plagioclase (Angs), minor

pyroxene and chromite, and accessot 3, Fe-metal and apatite.

The olix'ine is orange, with the color intensifying toward the

margins of crystals. However, the cores and rims show no

difference in composition that might reflect alteration. Rare

pyroxene occurs as interstitial grains of orthopyroxene (En88)

and augite (En49Fs4Wo47). The bulk composition of the clast

is highly magnesian with high concentrations of Co and Ni,

which are incorporated into olivine, but not Sc and Cr, which

REE pattern. Other clasts of Mg-suite troctolite were found

in impact melt breccias 15445 and 15455 (Ryder amtBou_°r,

1977; Ryder, 1985). These show large variations in major and

REE abundances due to variations in proportions of both major
and accessory pha._=s.

15459,231w is a magnesian anorthosite. The thin section

of the sample analyzed by INAA is essentialh," a grain mount

(Fig. le). It consists mainly of plagioclase (An90.93) with

scattered olivines (F069.72) and clinop}Toxenes (E_vFs_ ,Wo42).

Mineral compositions are more evolved than those of Apollo

14 magnesian anorthosites (Lindstrom et aL, 1984) and more

simiiar to those of Mg-norites than Mg.troctolites. The bulk

composition is similar to those of slightly mafic magnesian

anorthositcs. The REE pattern is like those of REE-poor Apollo

14 magnesian anorthosites (Lindstrom eta/., 1984), but falls

enter pyroxene or chromite. The REE pattern is unusual for between those of Mg-troctolite 15426,137 and Mg-norites and

such a magnesian rock (Fig. 3a). Concentrations are high for troctolites from 15445-15455 (Fig. 3a). Simon et ad. (1987)

a Mg-troctolite and the pattern has an unusual U-shape, The report mineral compositions, but no bulk composition, for a

presence of accessory apatite, which was observed in thin Mg.anorthosite fragment.

section, and zircon, not observed but undoubtedly the cause Clasts of Mg-suite norites are al_ found at the Apennine

of high Zr and Hf concentrations, account for the unusual Front, notably as clasts in the black and white breccias 15445-
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Fig. 3. Chondrite-normalized R|".E patterns h)r Apennine Front .samples. (a) Ferroan anorthosites and Mg-suite rocks. Ferroan anorthositic

rocks have low REE concentrations with large positive Eu anomalies, while magnesian anorthositc has a plagiocla.m pattern with much higher

concentrations and a smaller Eu anomaly. Mg-trcv,_'tolitc has a REE-enrichcd pattern with unusual U.shape (b) Alkali-suite rocks. Samples

include c'lasts and matrix for 15405 and QMD 15459,31"5 compared with literature data for 15405 QMD cl_st (,_),quist et aft., 1977). Alkali
anorthosite 15405,18| is similar to Afx)[lo 14 ",dkali an(,rthositcs in comlx)sition. Alkali noritc 15405,170 has twice the REE concentrations

as 15405 QMD clast (c) Ferroan noritcs. Data for fcrroan no6tes 154"59,279 and ,292 arc compared to alkali noritc 1¢,405A70 and Apollo
17 Mg-norites 77075, 77077 and 77215 (C/xzo et aL, 1976; g'arrt77 amt R_&_so_L1978). (d) hnpact melt nx.'ks. Mean.,, of indixidual anah.-;cs

of repre_'ntative inch ng:k.s from this study are plotted as D_ints. Ranges of anal_.._s for each group arc plotted and show the contimuum
of melt compositions in B-C-I) region.

15455. Anal_."ses of these clasts are reported by RM/_, (1977;

Ridge 3' et al., 1973), Blanchard et aL (1976), and _a_i and

Wasson (1978, 1979, 1980). Other clasts have been found

in Apermine Front regolith breccias 15306, 15465, and 15565.

These clasts tend to be fairly felds'pathic norites with 20-25%

M,O3 and REE concentrations lower than those of the troctolite

presented here.

Alkali suite rocks. Three clasLs are members of the alkali

suite. These include an "alkali anorthosite, an alkali norite, and

a quartz monzodlorite. 15405,181 is a cataclmstic alkali

anorthosite. The .sample consists almost entirely of plagioclase

(An_) with large relict twinned grains (up to 0.6 ram) in

a matrix of granulated plagioclase. Minor ilmenite and rare

phosphate are the only acces,sor 3, minerals, no mafic silicates

were obse_,ed in thin _ction (Fig. lf). The plagioclase

composition falls at the Ca-rich end of the range for alkali

anorthosites, but the absence of marie silicates precludes

plotting the ,sample in Fig. 2. The bulk composition is similar

to that of other alkali anorthosites with very high concentrations

of AI and Ca and very low concentrations of transition metals

and siderophiles. REE concentrations are moderatc, vdth LREE

enrichment and a positive Eu anomaly (Fig. 3b), as is observed

for other alkali anorthosites ( Li_wlstrom et al., 1984).

15405,170 is a feldspathic alkali norite with plutonic texture.

Cumulus plagioclase (An_, up to 0.6 x 0.25 ram) and pigeonite

(En_,tFs,,TXX_o2 with minor ex._)lution of En+aFstsWo43, up to

1.0 × 0.4 mm) are enclosed by i'x)stcumulate plagioclase and

pyroxene (Fig. lg). Interstices bcm,een the major minerals

contain an abun "dance of accessoq, minerals, including large

ilmenites and small grains of Fe-metal and troilite, an

intergrowth of K-feldspar and silica, zircon, ZrO2, and a large

(300 x 500 micron) wahitlockite. The bulk composition of

the clast is that of a moderately feldspathic alkalic rock. AI20._

is moderately high (24%) but transition metal concentrations

are distinctly higher than in alkali anorthosites. Trace element

characteristics of this clast are dependent on the amounts of

acces.mr 7 minerals. REE concentrations are extremely high (Fig.
3b) due to the abundance of w_itlockite. Concentrations are

a factor of fi_v higher than KREEP basash, a factor of two

to five higher than qtiartz monzodiorite and alkali anorthosites

War'r_z et al., 1983), and nearly a.s high a.s unique alkali

anorthosite 14313c (Haskin et al., 1973). Concentrations of
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other incompatible elements are _ariable: Th is a factor of

three enriched over k._EEP basalt, while Sr and Ba are at the

.same level, and Rb, Cs, U, Zr, HI', and Ta are depleted relative

to KREEP basahs. This clast bears much similarity to alkali

gabbronorite clasts in 67975 (James et _d., 1987), but it has

slightly more primitive plagioclase and p.woxene compositions

than the magnesian alkali gabbronorites and contains very tittle

clinopyroxene. The high and variable trace element
characteristics resemble some members of that suite.

15459,315/.316 is a somewhat rectTstallized quartz

monzodiorite consisting of 59% feldspar, 39% pyroxene, 2%

silica, and accessor)' ilmenite, w4-titlockite, and zircon. Crushing

and deformation have ob_'ured the original texture, reduced

the grain size, and produced w-avy extinction in both the

feldspars and p woxenes, but have not homogenized the mineral

compositions (Fig. lh). The most abundant feldspar is sodic

plagioclase (Ansg-88), but ternary feldspar (AnrzAb20Or: to

mentions seeing granular anorthositic clasts in hand specimen,

but not finding an), in thin section. He comments on a high-

K white clast anal)xed by Ganapatt O, et al. (1973) and

speculates on whether to assign it to the ANrl" suite or the

KREEP basalt suite. The wide range of Clast t}pes in this breccia

(KREEP basalt, alkali anorthosite, alkali norite, quartz

monzodiorite, and granite) represent extrush'e kq_EP basalt

and its plutonic equi_-alents and differentiates. Ryder (1976)

recognized that the differentiates were related to the ba.salts,

but did not identify the alkali anorthosite or norite and relate

the alkali suite to k.q_,EEP basa.lts. The alkali suite forms an

extensivc differentiation trend on Fig. 2 from alkali noritc

through gabbronorite and anort.hosite to quartz monzodioritc.

Breccia 15405 provides concrete e_idence for a genetic link

bet_,een KREEP basalt and alkali suite plutonic rocks.

While proxiding important infomxation on Ka_EEP and alkali

suite rocks, breccia 15405 is so unusual that Ryder [1976]

An_4&b10Or46) and orthoclase (AntAb2Or97) are also premnt, considered it to be exotic to the site. RyderamtSpm_is (1987)

Pyroxene grains have closely-spaced exsolution lamellae with

end-member compositions of En28Fs_Wo4 and En23Fs_Wo4t.

These mineral compositions are very similar to those of quartz

monzodiodte clasts in 15405 (Ryder, 1976). The bulk

composition of our clast is somewhat more m',ffic than that

of the 15405 clasts (Ryder, 1985), and a factor of two lower

in REE concentrations (Fig. 3b).

These three c 'lasts are the first true alkali suite clasts reported

from Apollo 15. Two of the clasts were found in KREEP impact

melt breccia 15405. Ryder (1976) de_ribes _ basalt.s,

quartz monzodiorite, and granite clasts in that breccia. He also

suggest that it is a young ( 1 b.y.) impact melt from the Apennine

Bench. It is by no means t3,pical of Apennine Front material.

The third alkali suite rock in this stud)" was not a clast in

this unique breccia, but v,as instead a clast in a t3pical Atx.-nnine

Front regolith breccia. This clast is also the first QMD clast

not found in 15405, suggesting that alkali suite rocks are not

as uncommon at Apollo 15 as previously assumed, and that

15405 may not be exotic. Certainly Kq_EEP basahs are common

at the Apollo 15 site (Ryder, 1987) and the link between

alkali suite rocks and Kq_EP basalts would suggest that alkali

suite rocks may also be present near the site.
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Ferroan norftes. Two ferroan noritc.'s ha_ing unttsuM

mineral comr_)sitions were found in 1S459. 15459,279/339

is a shocked and granulated norite consisting of65% plagiocl,x__"

(Ang_), 33% pyroxene (dominantly orthopyroxene

E_,Fs._2Wo2, with rare augitc En._2Fsi_Wo.is) with acces,_ory

ilmcnitc, chromite, silica, K-fekLspar, whitkx:kitc, zircon, and

an unidentified Fc-Ca-Zr-Ti oxidc. Chromite com_}sitions

cluster around (Mg_,mFco,_,) (Alo t_'l"1007Crt,.75)20.h and Mg-

ilmenites around (MgomFeo,_)TiO._. Original 1-2 nml grains

of plagi_x:la.sc and p3Toxene have been shtK'ked and granulated

to sub,Is of angular fragments 500 to 700 microns long, _4th

w,_ T extinction (Fig. I i ).

15459,292/343 is a coarse.grained noritc cortsisting of 50%

p}Toxene (dominantly orthopyroxene Eno_Fs37"_'o3, with minor

augite En4tFslsWo_), 48% plagiocla.se (An,_l), and acce,_sory

ilmenite, chromite, ziccon, silica, K-feldspar, troilite, and metal.

IndMdual pyroxene grains originally 1-2 mm have been

granulated to bk)cky mo_cs, and plagi(x'kise crushed mad

recr)_tallizcd to granulitic texture. At a later ._tagc the _abric

was off_'t by 0.5 mm along a smoothly cu_ing fault trace

(Fig. lj). Patches rich in silica and K-fclcLspar occur in the

crushed zones, but most of the acces,sory minerals over t0

microns in s_e are embedded in the pyroxene. The_ include

zircon in euhedral or subhedral cr}_tals, chromite (Mgo t2Feo.v,_)

(Al_)l_Ti0_tCro71)20,, and ilmenite (Mgt)l,Fe0.uz,)TiO 3. Sparse

grains of Fe metal and troilitc, about 10 microns across, occur

mainly in plagioclase.

Them two norite._ are pctrographically vet T similar, both in

the compositions of their major minerals and in their suites

of accessoD, minerals. Another fcrroan norite clast _ts found

in 15459 by R/d/q,y (1977). The coml'x)sitions of the major

minerals in the norites are plotted in Fig. 2 compared to familiar

plutonic rocks. The fcrroan norites plot in a region intermediate

to the ferroan, magnesian, and alkali suites. A few other unusual

rocks a[_) plot in this region: alkali norite 15405,170 and Mg-

anorthosite 15459,231w (this stu_'), Apollo 17 ferroan

anorthosite 76504,18 (l_rren et al., t986), and mare gabbros

in 15459 (R/d/o'. 1977) and mare pcridotitc rake s_mples

15385 ,and 15387 (Dou' O'et al., 1973; Ryder. 1987). The

significance of them similarities will bc di._tlssed after the

compositionM characterization of the norites.

The modes of the t_'o noritc clasts differ, and that difference

is reflected in their bulk compositions and normative

mineralogies (Tablc 3). The norms correspond quite well to

the modes of the norites. Noritc 279/339 is a felsic norite

with 22.9% A1205, %V]'lilc clast 292/343 is more magic with

16.9% A12Os. Concentrations of transition metals are moderate,

while tho_ of meteoritic siderophiles are low. Concentrations

of Co and Ni are rea.sonablc for pristine norites and tho_
of It and Au are below detection limits for INAA. Concentrations

of REE are "also moderate. The REE patterns (Fig. 3c) reveal

a flat pattern with a positive Eu anomaly for the felsic norite

and a HREE-enriched pattern with a positive Eu anomaly for

the m-afic sample. This HREE-enrichment reflects the

moderately high p_Toxene distribution coefficients for HREE.

The REE pattern of the felsic norite is similar to that of Mg-

norites such as tho_ in 15445-1S455, but marie Mg-noritcs

do not display HREE-enrichment as obserx,ed in the marie

"IABI.E 3. Bulk ;m'al)ts(_ and cation % norms of Fc
noritt.-s.

WI % 15459, 279/339 15459, 292/343

SiO_ 48.50 49.50

TiO 2 O.25 0.31

AI203 22.00 165)O

FcO 6.97 10.99

MgO 7.35 10.03
CmO 1338 11.28

NaaO 0.613 0._06

K_O 0.095 0.118

Cr203 0.365 0.286
MnO 0.142 0.201

P203 0.065 0.039

qbtM 100.63 100.16

Mg" atomic 0.65 0.62

A-(rrm
OIMne 0 0

P}TOXenC 33% 50°*,

En 62 57

Fs 30 33
Wo 8 10

Plagioclasc 65% 49%
An 91 89

Ab 8 9

Or 0.8 1.4

Quartz 0.8 0.6
Ilmcnitc 0-3 04

Chromite 0.4 0.3

Apatite 0.1 0.08

ferroan norite..Come mafic ferroan anorthositic rocks do show

HREE-enrichmcnts at an order of magnitude lower

concentrations.

Relationships between the ferroan norites and other lunar

endogenous rodc_ can be evaluated based on petrographic and

compositional characteristics. Among the .samples noted as

having mineral compositions intermediate to major ferroan,

magnesian, and alkali suites, relationships with ferroan

anorthosite 76504,18, Mg.anonhosite 15459,231w, and mare

gabbros and peridotites are unlikely because these samples all

have olMne and augite as their dominant marie minerals, and

not low-Ca p)Toxene which is dominant in the norites.

Some relatiortship may exist between the ferroan norites

and either Mg-norites or alkali norite 15405,170. The alkali

norite has mineral compositions quite similar to tho._ _ of the

feldspathic norite, while .several Apollo I-' Mg-norites [77075,

77077 (II'hrrol am/ II;/z_son, 1978); 77215 (C/'mo et al.,

1976) ] have mineral compositions only slightly more magnesian

than the re:die noritc. All of these norites have low-Ca p3Toxenes

as the dominant rm_fic mineral, with only rare augite as lamallac

in orthopyroxene or in small separate grains. The rocks all

di_lay a similar as.semblage of accesson" minerals ttsually found

in me.¢x)stasis. These include ilmenitc, troilite, Fc-mctal, K-

feldspar, silica, 7J.rcon, and whitk_c'ldte. Bulk comlx)sitions of

tile ferroan norites are plotted _n the pseudotemary diagram
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Fig. 4. Pseudoternat 3, diagram of Wa/_er et al. (1973) showing that
bulk compositions of ferroan norites tx_th plot in the norite field of

Tailor (1982). The igneous texture and cotectic composition of
15459,292/343 suggest that it is a simple plutonic rock. Clast

15459,279/339 is a plagioc_-rich norite.

of Wa/ker et al. (1973) in Fig. 4. Both lie in the norite field

as depicted by Taylor (1982). Mafic norite 15459,343 plots

on the cotectic line, while feldspathic norite 15459,339 falls

in the plagioclase field. Alkali norite 15405,170 also lies in

the plagioclase-rich part of the norite field, while KREEP basalts

and norites plot near the peritectic point. This suggests that

all these norites may be plutonic norites, with .samples

15459,279/339 and 15405,170 being somewhat enriched in

plagioclase.

Comparison of the norite REE patterns in Fig. 3c reveals

some complications. The REE concentrations of the alkali norite

are extremely high and, as noted above, are due to an unusually

high abundance of whitlockite (calculated as 5% from the bulk

and whitlockite concentrations of La). REE patterns of the Mg-

norites overlap with those of the Fe.norites, but their pattern

shapes are clearly distinct. The Mg-norites and 15459,279 have

tREE-enriched patterns, while norite 15459,292 has a HREE-

enriched pattern. The Mg.norites have negative Eu anomalies,

while both Fe-norites have positive Eu anomalies. Preliminary

model calculations were done to evaluate the possibility that

Mg and Fe norites might be derived from similar parent norite

but contain different proportions of minerals and residual Liquid.

The Mg-norites would contain a higher proportion of residual

liquid to account for the IJ_EE-enriched patterns and the Fe-

norites would contain a higher proportion of plagiocla.se to

account for the positive Eu anomalies. Mthough it is possible

to generate both LREE. and HREE-enriched patterns and positive

and negative Eu anomalies by xarying the proportions of

minerals and residual liquid, we have not been able to nmtch

the patterns in detail. Another problem is that the calculated

variations in mineral proportions are largcr than allowed by

observed modal proportions or bulk compositions. We cannot

at this point resolve the question of ix_sihle relationships

between ferroan norites and Mg- and alkali-suite norites. The

ferroan norites may be unusually ferroan Mg.norites, or the)'

may repre_nt the Mg-rich end of the alkali suite, which now

forms an extensive differentiation trend subparaUel to the Mg-

suite (Fig, 2).

Metamorphic rocks. The two metamorphic clasts are

granulitic breccias as dL_aissed by l_,:_r_ver eta/. (1977) and

Limistrom amt Lindstrom (1986). Clast 15459,288/289 is a

highly feldspathic granulite consisting of 90% plagiocl_.se

(Ang,9_,), 10% olivine and pyroxene, and acces.sor3" Mg-ihnertite

and Fe metal. Rare large feldspar grains are visible and some

200-300 micron zones within the plagioclasc show well-

developed granulitic texture, but most of it displays a fine

intergrowth of irregular grains .suggestive of an early stage in

the development of granulitic texture (Fig Ik). Grains of olivine

(Fo52-54), 10-20 microns across, and a few large p_roxene grains

(En59FsyrWo4 and En44Fs]9Wo57) are scattered through the

plagioc'lase. This clast Ls a feldspathic ferroan granulite with

low REE concentrations, similar to more marie samples of the

ferroan anorthosite suite as weU as the ferroan granulites of

LimZstrom amt Lindstrom (1986).

The second metamorphic clast, 15459,309/346, is a poikilitic

rock consisting of 60% plagioclase (An93), 30% pyroxene

(En76Fs20Wo4; En47FsgWo44), 9% olivine(Fo77), and accessory

ilmenite, chromite, zircon, and whittockite. Fine-grained

plagioclase is interspersed among long branching chains of

po' -tkilitic pyroxene (Fig. l I). Olivine occurs linked to pyroxene

chains or ms minute inclusions in pyroxene. The rock was

shocked after formation of the poikilitic texture. This clast is

a mafic magnesian granulite with REE concentrations a factor

of two higher than in t)pical granulitic breccias (Litulstrom

and Lindstrom, 1986).
Granulitic anorthositic norites are fairly common at the

Apennine Front. Anorthositic gabbro 15418 (Nord et a/., 1977;

Lindstrom and Lindstrom, 1986) is a severely shocked

example. Analyses of such clasts reported by _rren and

Wasson (1978) include a REE-rx3or ferroan granulite and a

REE-rich magnesian clast. Other cla.sts of metamorphic-texxured

anorthositic norites were found in 15459 (Rh//ey 1977) and

15465 (Canwron and De/ano, 1973), but only petrographic

studies were reported.

Itighland Impact Melt Rocks and Glasses

Twenty-five new analyses of highland impact melt rocks are

presented in Table 4. The .samples include the matrices of

the three large impact melt breccias (15405, 15445, 15455)

and clasts from the regolith breccias. Most of the clasts have

been examined in thin section and fotmd to be fine- to medium.

grained impact melts. Most of the impact melts are noritic

in bulk composition, having 15-20% Al2Os and 8-1 I% FeO.

MgO has not been measured in all of the samples, but existing

analyses reveal xariations in Mg' from 55 to 78. There are

also major variations in REE and other incompatible element

concentrations. REE patterns of.some of the more representative

melt rocks (Fig. 3d) show variations from _20 to 300 times

chondrites, with all except the lowest patterns having
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TABI.E 4. Compositions of Apcrminc Front impact molls and glax_'s.

A' A A A A A B B B B B C

15459 15405 15405 15405 15459 15459 15459 15459 15435 15435 15459 15498

,242 ,173 ,174 ,175 ,290 ,24l ,305 ,329 ,54-1 ,54-2 ,313 ,192

C D

15498 15459

,209 ,286

qqO_ (%) 1.74

KI20_ 15.3

FeO 10.9

mgO 10.5

CaO 9,8

Na20 0.620

K_O <3

Sc (_m) 20.8

Cr 1410

Co 20.5

Ni 120

Rb 22

Sr 140

Cs 1.27

Ba 840

La 95.0

Ce 260

Nd 140

Sm 40.7

Eu. 2.18

To 9.4

Yb 29,5

I.u 4.42

Zr 1170

Hf 33.4

Ta 4.35

Th 22.0

U 5.90

Ir (ppb) 2.4

Au 2.2

1.99 2.03 1.70 1.58 0.78

14.8 15.5 15.1 16.1 220

10.9 10.8 10.I 9.51 10.9 10.4 10.1 8.98 9.09 6.69 6,21

7.3 8.4 13,7 11.6 8.49

10,3 9,4 10.5 il.8 11.2 10.0 10.0 9.7 10,6 13.0 12.94

0.856 0.861 0.829 0,811 0.563 0.51 0.595 0,69 0.66 0.561 0.656

!.2 0.19 0.49 0.53 0.29

22.3 22.1 20.7 19.1 23.4 20.5 19.9 18.0 17.3 12A 11.4

1630 i580 2000 1450 1710 2420 1830 1780 1760 1230 910

18,4 17.7 20.8 23.5 38.7 37.4 30.9 22.1 30.4 22.5 18.5

60 45 50 170 370 350 240 100 95 85

24 29 19 17 16 12 14 14 17 13

190 180 150 190 200 160 120 140 170 180 200

1.05 1.05 0.75 0.55 0.60 0.38 0.53 0.62 0.57 O.16 0.23

880 880 680 660 600 430 460 550 480 320 330

83.4 87.3 67.6 67.7 64.6 49.1 44.8 44.3 45.2 39.1 34.1

222 229 180 181 168 132 120 129 119 103 94

130 137 105 110 100 79 67 84 66 62 50

37.5 38.9 29.9 31.3 29.6 22.6 20.5 22.3 20.3 18.0 15.1

2.34 2.39 2.39 2.34 2.26 1.93 1.69 1.86 1.84 2.22 1.62

7.95 8.24 6.45 6.42 6.52 4.70 4.59 5.87 4.46 3.94 3.13

27.5 28.0 21.7 20.1 19.8 15.2 15.1 15.2 15.4 11.23 10.7

3.75 3.80 2.90 2.76 2.94 2.09 2.05 2.18 2.06 1.51 1.55

1100 1100 80O 990 770 680 640 630 630 420 400

31.2 29.5 23.9 24.0 22.7 15.3 15.2 17.3 16.6 10.38 10.8

3.50 3.60 2.82 2.50 2.19 2.99 1.95 2.01 2.00 1.34 1.17

16.0 16.2 11.6 10.5 9.55 7.32 7.71 8.75 8.16 4.81 6.70

4.29 4.43 3.14 2.60 Z90 2.00 2.25 2.60 2.14 1.26 1.70

<2 <2 I. 1 4.6 5.3 5.9 2.9 <3 1.2 1.6 <4

1.5 <2 <2 2.2 7.4 6.1 <1.4 <1.6 <5 <7

0.72

21.4

6.48 9.58

8.50

12.87 10.7

0.636 O.513

0.29

12.6 18.0

900 1660

16.7 30.4

170

9 9

170 180

0.22 0.30

310 270

27.8 24.5

75.6 64.0

42 37

12.1 11.3

1.54 1.41

2.72 2.30

10.3 7.91

1.53 !.19

350 350

10.3 8.62

1. I I 1.08

6.10 4.94

1.70 1.14

3

<4

characteristic KREEP slopes and negative Eu anomalies. Man)'

of the samples have siderophile element (It, Au) concentrations

detectable by INAA (>2 ppb), but much lower than those

of ApoUo 16 POIK and ",q-tA impact melts (Korotet; 1987b).

Ryder and Spt_ (1987) divided their limited set of 14

Apennine Front impact melts into five groups (A to E) largely

according to REE concentrations. The studies reported in this

volume add 48 new anal)_,es of Apollo 15 impact melts (12

in Laul et al., 1987; I1 in Ryder et al., 1987; and 25 here)

for a total of 62 recent analyses of Apollo 15 melt rocks. Several

of these samples have only partial major element anal)v, es, but

there is generally sufficient information to Compare them with

other impact melts. Using this expanded dataset, the

populations of the five groups change considerab b, and the

divisions become less distinct. Group A has increased from

3 to 11 analyses, group B from 5 to 21, group C from 5

to 8, group D from 2 to 12, and group E from 1 to 10. The

numbers are somewhat misleading because some of the data

repre_nt multiple anab,ses of the same impact melt. Eliminating

multiple anab,,ses reduces the numbers to 8, 21, 6, 5, and 8,

respectively. The group B impact melts are by far the most

abundant melts at the Apennine Front. Figure 3d shov_ ranges

of REE concentrations for each of the melt rock groups and

examples of each tSpe from the anabx_s presented here. The

REE concentrations are "almost continuous throughout the

entire suite. Whether these melt groups actually represent

distinct impact melts or a continuum of melt compositions

can be e_aluated by comparisons of their major clement

compositions. The first four melt groups generally has-e noritic

bulk compositions with 15-20% AI20 3 and Mg" ranging from

ferroan (55-65) in the group A melts to moderateb,, magnesian

(69-78) in the other three groups. The group E melts have

anorthositic norite bulk compositions (20-24% AI,O3) , with

Mg' (59-72) spanning most of the range of the group A-

D melts. The REE patterrts of the group E melts are distinct

from the other melts, _-ar}_ng from LREE-enriched pattertxs with

negative Eu anomalies to HREE-enriched patt¢-ms gith positive

Eu anomalies. The group A and E melts are therefore distinct

from the group B-C-D melts, but a continuum appears to exist

in the noritic magnesian melt rock suite.

The significance of the continuum of melt compositions

encompassing the groups B-C-D melts is not well understood.

These three t)pes may be described as LKFM (low-K Fra Mauro)

melts, ha_g noritic bdlk Cbmpositi0ns-_simiq_ _ to_ttiat of

samples from the Fra Mauro formation (Apollo 14), withREE?

and other incompatible element ratios similar to that of K_EEE

but at lower concentration levcis. _ melt rocks of similar

compositions are found at other highland sites, and are generall_
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TABLE.4. (continued)

1" D D D D D D 1 D E E E Green Green

glass gla.c_s

15459 15445 15445 15445 15455 15455 15455 15405 15459 15459 15459 15459 15498

,317 ,244 ,245 ,246 ,258 ,259 ,260 ,171 ,239w ,231-1 ,231-2 ,320 ,237 ,158

"I]Oa (%) 1.24 1.62 1.71 0.38 1.76 2.14 1.11 1.64

AI203 20.6 17.1 16.3 22.8 19.8 20.1 19.2 16.9
FeO 8.83 7.98 8.28 9.17 9.53 9.79 9.66 8.61 8.38 8.22 8.07 7.58 I0.2 9.05

MgO 12.9 16.0 16.2 7.0 11.2 11.6 8.2 9.15

CaO 14.4 I1.4 11.3 9.8 !0.1 9.4 9.3 13.3 12.6 11.7 11.7 12.3 12.9 10.81

NaaO 0.772 0.551 0.550 0.523 0.552 0.548 0.527 0.537 0.6(_6 0.661 0.693 0.679 0.621 0.72

K20 <0.2 0.15 <0.7 O.14 <.6 <.8 <.3 0.44 0.44

Sc (ppm) 21.7 13.4 14.9 16.9 17.3 17.9 17.8 11.2 16.6 17.1 17.4 15.4 19.2 18.0
Cr 640 1380 1500 1940 16(,0 1700 1700 1130 1130 1100 1090 1000 1570 1670

Co 15.9 35.4 29.0 30.5 32.1 37.7 38.9 11.6 21,0 20.0 20.5 19.5 55.6 20.9

Ni 55 320 270 270 2(,0 330 350 <40 110 66 82 76 830

Rb 3.6 <9 6 5 <I0 <7 <9 <i2 <9 <7 <9 18 17
Sr 210 190 160 170 160 180 170 150 170 220 200 190 190 150
Cs 0.063 0.27 0.18 0.21 0.13 0.18 0.14 0.10 0.21 0.12 0.13 0.10 0.95 0.49

Ba 220 200 200 230 250 250 230 160 220 120 130 120 400 530

la 21.9 16.5 19.4 20.7 21.8 22.0 22.3 20.0 18.9 8.10 8.49 7.49 38.0 51.1

Ce 56.5 43.0 50.0 51.9 56.6 57.0 56.6 52.4 49.0 21.0 22.0 20.6 101 141

Nd 38 25 32 34 33 36 36 27 29 13 14 9.9 54 90

Sm 11.1 7.65 8.80 9.30 10.3 10.3 10.3 865 8.61 4.02 4.35 3.74 17.3 23.1

Eu 2.08 1.63 1.72 1.72 1.87 1.85 181 1.16 1.76 1.62 1.64 1.58 1.36 2.07

Tb 2.38 1.64 1.86 1.97 2.12 2.07 2A5 1.85 1.94 0.94 1.00 0.85 3.96 4.97

Yb 7.57 5.03 5.59 6.01 6.90 6.45 6.45 6.66 6.16 3.60 3.87 3.40 13.0 16.2

Lu 1.15 0.74 0.84 0.88 0.95 0.93 0.95 0.99 0.94 0.538 0.578 0.489 1.83 2.38

Zr 350 190 250 270 270 230 260 250 270 110 100 100 460 650

HI" 8.23 5.72 6.64 7.70 8.12 7.84 7.76 6.67 6.46 3.25 3.55 2.78 13.8 18.1

Ta l.lO 0.85 0.94 0.96 1.01 1.04 1.03 0.86 0.90 0.57 0.61 0.53 1.69 2.02

Th 2.82 2.85 3.26 3.00 2.82 3.32 3.45 4.73 3.05 1.38 1.46 1.60 7.78 9.0

U 0.70 0.60 0.68 0.65 0.75 0.62 0.65 1.25 0.75 0.50 0.44 0.35 2.03 2.50

Ir (ppb) <2 3.7 2.5 2.6 2.0 3.6 2.8 1.6 1.5 2.3
Au <4 <2 2.1 2.5 2.2 3.2 2.4 <1 <1.4 <1.4 6.7

Analyses by INAA, one sigma uncertainties based on counting statistics are: 1-2% for AI203, FeO, NaaO, Sc, Cr, Co,
La, Sm, Eu; 3-10% for CaO, Sr, Ba, Ce, Tb, Yb, Lu, Hf, Ta, Th; 10-25% for 1102, MgO, K20, Ni, Cs, Nd, 1_7,Ir, Au.

"Impact melt groups indicated by letters A-E (Ryder am1 Spudis, 1987).
"tUngrouped impact melts.

interpreted to represent major basin impacts because they are

most commmon at the Apollo 15 and 17 sites, which are located

on the ejecta from Imbrium and Serenitatis basins. The average

composition of the highlands in those regions, as measured

by the orbital geochemistry experiments, is very similar to the

compositiort At the Apollo 16 and 17 sites, impact melt

compositions cluster into distinct groups rather than form a

continuum of melt compositions (McKirdo, et al., 1984; Ryder

and Wooa_, 1977). The clustering of a large number of samples

in the Apollo 15 group B (high REE) melts suggests that group

B may represent the dominant impact melt at the site. At the

other end of the continuum are the Iow-REE group D melts,

whose dominant members are 15445 and 15455, the only two

large samples of I.KI_Tvlimpact melt returned from the Apennine

Front. Their clast assemblage is restricted to mafic rnagn_ian

ejecta from the Imbrium impact. The group B and D impact

melts may represent the major b_sin impact melts at the site,

and the group C melts with intermediate compositions result

from smaller local impacts that mix the ejecta from the basin-

forming impacts.

The group A impact melt is a ferroan melt (Mg" 55-65)

that has the bulk composition of k.qtEEP basalt. There is

considerable variation in both Mg' and REE concentrations in

samples of the melt, but the same variation ks seen in splits

of individual KREEP basalts ( 15382,15386; Ryder, 1985). Group

A melts ap_ to be fairly common at the Apollo 15 site,

and includebreccia 15405 as its most prominent member.

The Ar-Ar age of 1.3 b.y. for the 15405 matrix (Bernatotzqctz

etal., 1978 is vet3'young This age, coupled with the variations

in melt composition, suggest that samples are small local impact

pristine rocks one of which has been dated at 4.5 b.y. (Ryder, melts and not major basin melts, _ahich should be more

1985). Ryder and Bower (1977) interpret these clasts as deep homogeneous in composition. KREEP basalt flo_,s underlying

crustal rocks that could only be brought to the surface by mare basalts at the site, and at the Apennine Bench, are probably

basin-sized impacts. The 3" suggest that these impact melts are the sources of group A impact melts.
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Group E melts do not represent a singlc impact melt, but

a suite of melts that have more feld.,,pathic bulk composition.,,

than do the other melt groups. The more REE-rich .samples

have slopes parallel to that of KREEP ,and may represent the

mixture of felc[spathic highland rocks and a small ,'u'notmt of

KREEE The REE-tx_r group E melts have patterns distinct

from K.'REER more sinlilar to tho_" of some plutonic ,and

metamorphic rocks. There is not presently sufficient

information on these melt rocks to determine whether there

are distinct subgroupings of these fekkspathic highland melt

rocks, but an origin as impact melts of pre-Serenitatis piutonic

and metamorphic highland rocks is likely for them group E
melt rexzks.

Two anaI).,ses of highland glasses art." also presented in Table

4. The glasses are homogeneous green glasses that have noritic

bulk compositions with K20 (0.4%) and Mg' (60-65)

characteristic of the moderate K Fra Mauro basalt gla&s in

Apennine Front soils (Reid el al., 1973). These glasses and

a third Atx)llo 15 highland green gJas,s (Ryder et al., 1987)

have REE concentrations in the range of group B impact melts,

but their low Mg" (63) distinguishes them from group B melts

(Mg' 72). These #asses may represent the average composition

of Apollo 15 highland rocks, which are a mixture of magnesian

basin-derived impact melts with fcrroan KREEP basalts and a

variety of plutonic rocks.

IMPLICATIONS OF DIVERSrrY OF APENNINE

FRONT ROCKS

Provenances of ApoUo 15 Igneous Rocks

The Apollo 15 highland rock suite is the most diverse of

the highland suites sampled by the Atx)llo program. The igneous

rocks include members of the three major t}pes of highland

plutonic rocks, previously unidentified ferroan norites, arid

extrusive KqiEEP ba.salts. Metamorphic r(w_ks are similar to the

granulitic breccias fotmd at all highland sites. A very wide _-ariet)

of impact melt compositions occur at the site; some of them

(groups A and E) tmdoubtedly are local in orion, but others

(groups B and D) are probably basin-related E_-aluation of

the provenances of the Apennine Front igneous rocks can bc

based on comparison to rocks of known provenance.

The Apollo 15 ferroan anorthosite suite is similar to that

from Apollo 16 in both bulk rock and mineral compositions.

Although fewer in number, the Apollo 15 ferroan samples span

the range from pure anorthosite to anorthositic norite, as do

the Apollo 16 ferroan samples. Recent isotopic studies have

succeeded in dating these important highland rocks at 4.5 b.y.

(Hanan and 7"dton, 1987; LugnuK, r, 1987), confirming their

suspected ancient age. In the generalb,-accepted magma ocean

model (l_M-mn, 1985), these ferroan anorthositic rocks make

up much of the earliest outer shell of the Moon's crust and

would be an important pre-Serenitatis component at Apollo
15.

Man}' of the Atx_Uo ! 5 magnesian suite samples resemble

noritic and tr(x:tolitic rocks from Apollo 17 in both mineral

and bulk composition. Members of each suite have been dated

as ancient (older than 4.2 b.y.). At both the Atx_llo 15 and

17 sites the Mg-._dite rocks occur as clasts in _ impact

melts. R.)c/er and I,FL_'M (1977) diseus,sed these impact melts

and their magnesian cla.st.s and concluded that the Mg-suitc

plutonic rocks are deep crustal materials that could Ix" brought

to the surface only by basin-forming impacts. Bw,cd on a small

but significant difference in melt composition theT concluded

that the two suites could not t_. derived from the san3e impact.

ThtT assigned the Apollu 17 highland rocks to Serelfitatis and

the Apollo 15 suite to lmbrium Despite the fact that these

group D impact melts are not the most abundant melt group

at the site, the arguments are sound and led Rj_or and Spud2s

(1987) to reiterate that conclusion. The Mg-troctolite and

anorthosite presented here and one Apollo 17 troctolite

(FHnzer et al., 1974) are enriched in incompatible elements

and more closely resemble the Apollo 14 Mg-suite troctolites

and anorthosites (Lindstrom eta/., 1984 ). These probably result
from assimilation of I_EEP components in shallower plutons.

The Apollo 15 alkali .suite bears strong resemblance to the

Apollo 14 alkali suite Goodn'ch et al., 1986) and to Apollo

16 alkali gabbronorites (Lindstrom, 1984;James et al., 1987).

Members of the suite have evolved mineral compositions and

abundant late-stage accessory minerals. Alkali suite rocks are

an abund.qnt highland component at the Apollo 14 site, but

orlly minor components at the Apollo 15 and 16 sites. ThcT

occur in _-aried associations, in pre-Imbrium fragmental breccias

at Apollo 16, and with post-Imbrium local KREEP basalts at

Apollo 15. It is probable that alkali suite rocks are scattered

flu'oughout the lunar crust, perhaps in near-surface plutons

that can be brought to the surface by smaller impacts.

The ferroan norites are not sulficiently similar to other known

highland rocks to assign them to a specific geologic location.

We might infer from the fact that the T are ferroan plutonic

r_)cks that appear to be unrelated to ferroan anorxhosites that

the'}" are derived from moderateb," shallow plutons, but whether
the)' are local or exotic can only be determined _ahen we

know how common the" are at the Apollo 15 site. We have

begun a search for noritic rocks among Apollo 15 samples
to e_aluate this question.

Relative Abundances of Components in the

Apennine Front

The relative abundances of rock t)pes at the Apennine Front

can be approximated in sc'vcral wa3,'s. The lithologic approach

uses the distribution of rock t3pes among a large number of

rock fragments that have been subjected to petrologic and

chemical studies. This distribution may _-ary with different

sampling strategies. The compositional approach attempts to

model the average composition of the material as a mixture

of _arious components using least-squares mixing calculations.

The results are as good as the choice of components. Ideally

the two approaches should be combined, with the results of

the lithologic studies being used to select componew, LS for the

mixing calculations. Complications ine-,'itabb,' arise because

intermediate rock t)pes that may be mixtures of other rock

t3pes, such ms impact melts and granulitic breccias, are often

the most common components. This is indeed the ease for

Apennine Front ,samples. Three lithologic studies of At-x)llo 15
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highland rocks (this stud),; Ryder et al., 1987; Simon et al.,

1987 and Laul et al., 1987) all demonstrate that impact melts

are the most abundant rock type, making up about half of

the nonregolith lithic fragments. As previously di.seusscd,

compositions of impact melts x'ar3" widely, as do their inferred

componcnts and origins.

Among igneous fragments, _{EEP basalt is the dominant rock

these impact melL,, are distincth' more malic and more

magnesian than AFSC (A120_ 16 versus 20%; Mg' 75 versus

65). Korotev showed that if the group D impact melts are

an important component of the Atx'nninc Front, there must

be a corres{x)nding ferroan component that raises the AI20._

and lowers the Mg'. He concluded that ferroan anorthosite

alone cannot contribute enough Fc or Mg to change the Mg'

t)l_c in both the studies of Ryder et al. (1987) and Simotl of the bulk composition and that a more marie fcrroan rock

et al. (1987). I,,.qLEEP basalts arc post-lmbrium volcanic rocks is required. He suggested anorthositic noritc 15418, but added

_ahose prol'x)rtion we intended to limit by .selecting KqLE.EP- that another n_tfic ferroan rock could also provide the necessat 3'

ix,or rc_olith breccia 15459 for our detailed stud)' of the

ancient Apennine Front components. The number of well-

characterized Atx)llo 15 plutonic rocks remains small: These
new studies add alx_ut 20 to the number a,,ailable at the time

of the Atx)IIo 15 workshop. Most of the fragments are small

and may not be representative of their rock units, but mineral

compositions and clusters in bulk composition can be used

to define typical compositions. Ferroan and magnesian plutonic

rocks are approximately equally abundant, with alkali suite rocks

a minor component except in breccia 15405. The ferroan rocks

include ferroan anorthosites and anorthositic norites, but also

the unusual ferroan norites, v,_ch are apparently unrelated

to ferroan anorthosites. The proportions of marie minerals in

the ferroan anorthositic rocks tend to be higher than in Apollo

16 rocks. The Mg-suite rocks, especially those in impact melts

15445 and 15455, are highly magnesian members of the suite.

They include both troctolitic and noritic varieties and tend

to be more fddspathic than their Apollo 17 counterparts. The

Apollo 15 alkali suite samples extend the differentiation trend

from more primitive norite to highly evolved quartz

monzodioritc. It is di_oalt to .select appropriate plutonic

components for use in compositional modeling of the Apennine
Front.

Korotet., (1987a) reviewed the compositional approach to

the Apennine Front and showed that the selection of input

components influences the conclusions. He found that

compositional variations in Apollo 15 soils could be modeled

as mixtures of five components: K'J_EP basalt, mare basalt,

green glas.s, meteorite and an Apctmine Front .Coil Component

(AFSC). AFSC _s defined as the Apennine Front _il containing

the least mare basalt. The composition of AFSC corresponds

more closely to that of LKFM glass (Reid et al., 1973) than

either do to the compositions of individual rocks at the

Apennme Front. AFSC is obviously a mixture of preexisting

rock t)1_es, including the various t31:ms discussed above. The

fact that a single component is sulScient to describe ra_,-iations

in soil composition implies that the Apennine Front rocks are

well mixed and their proportions do not ,,-a.r),. All xm-iatiorL_

in _il composition _em to be accounted for by variations

in the amounts of young volcanic products: KREER mare basalts

and green glass.

Korote_! (1987a) did not present mixing models giving the

proportions of components in the APSC, but used compositional

arguments to suggest which rock t3TmS might be important

components. The rocks most similar in comrx)sition to AFSC

are the group D impact melts (15445,15455), which are

themselves mixtures dominated by Mg.suite and ancient I,atEEP

components. Although generally _imilar in bulk composition,

constituents. The ferroan norites fi)und in 15459 represent

another such ma_6c ferroan rock whose bulk composition is

similar to that of AFSC. The proportions of other ferroan rocks

(mare basalt, KREEP, and alkali noritc) are strictly limited by

their high concentrations of either transition metals and REE.

Some of the relationships between regolith samples and thcir

components can be seen in Fig. 5, a plot of Sm versus ,¢,c

for Apenninc Front samples. The major types of igncous rocks

form a triangle outlining the compositions of pol_mict rocks.

Pristine plutonic rocks of the three major suites spread outward

from the origin. Mare basalts and green glass plot at thc high

So, low Sm comer of the triangular array, vdaile kqLEEP basalts

are at the top, having high Sm and moderate So. Apermine

Front impact melts (triangles) form arrays between the plutonic

rocks and kqtEEP. Regolith samples from Apennine Front

Stations 2, 6, and 7 are plotted as fields for the soils and

individual poinLs (zeros) for the regolith breccias (Korotev,

1987a, and personal communication, 1986). The arra).'s of

regofith breccia and soil compositions extend out_'ard from
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the AFSC central point toward the younger volcanic rt*,'ks:

I,a_EP, green gla.s,s, and mare ba.salts. Group D melt rocks lie

just 1o the left of the AFSC point, with group E melts below

and other groups above. V'arioct_ protxortiom of impact melts

contribute most of the Sm in AFSC bccau._ the concentrations
are I()_ in the plutonic rocks. A.s slated al_)vc, the major element

_'ariations require significant proportions of m;dlc ferroan

plutonic rocks. Fcrroan anorthositcs and Mg-suite rocks have

ve_' low _ concentrations and nced to be balanced by high

.'k: plutonie rocks. Fcrroan noritc, wtfich plots near the group

E impact melts, is the only such component. It appears likely

that AFSC Ls a mixture of many components, among them

tOLEEP-rich impact melts (groups B and D), Mg-suite plutonic

rocks, and ferroan anorthosite, anorthositic norites, and norites.

Such a complex mixture is difficult to model quantitatively,

but is unlikely to be dominated by any incfi-ddual igneous

component.

In summary, the ._aite of highland rocks at the Apennine

Front is the most diverse of any yet studied. Igneous rocks

include members of the three major _ites of highland plutonic

rocks, a newly identified ferroan norite, and yotmger extrusive

KllEEP basalts. Impact melt rocks have a similarly wide range

in composition, e,xtending from those that resemble some

plutonic rocks to melts of K31EEP basalt composition. None

of these rock types appears to dominate the average

composition of the front. Diversity is a fundamental

characteristic of the Apennine Front that results from its

complex geologic history.
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Geochemical modeling of the highlands cm has _lished the need forthree principal components:
anorthosite, KREEP, and a high-Mg component, _e high.Mg component is most elusive because its
presence can only be established indirectly; no pristine rocks of suitable compositions are known. Olivine
vitrophyre clasts from breccia 14321 have high bulk MgO (-20 wt %) and 100 x Mg/(Mg+Fe) =
78, which is about the same as the cr)ptic Mg-component at Apollo 16. The 14321 olivine vitrophyres

also have high incompatible element concentrations ('-'0.5 x high-K kqtEEP), with REE ratios similar
to KREEP (e.g., La/Lu = 22) and CaO/AI203 ratios similar to highland melt rocks. The high siderophile
element concentrations of these rocks show that the)' are impact-generated melt rocks. Because impact

melts form by total or near total melting of the target, their compositions represent the average composition
of the crust, or of some portion of the crust. The high modal olivine content of the vitrophyres is
not the result of accumulation, as almost all of the modal olivine has skeletal morphologies indicating

rapid crystallization. Thus, the crust represented by this melt sheet is extremely mafic compared to
the crust sampled by lunar surface geochemistry. Least squares modeling of the mafic component in
this crust shows that it is not the same as that found at Apollo 16 (MAF, SCCRV, Primary matter),

but must have a higher Mg/Fe ratio (Mg# = 84-85) and a high MgO concentration (-42 wt %). We
suggest that this component is not an isolated rock type, but represents the mafic portion of some
prevalent lunar rock type, e.g., Mg-rich troctolite. The mixing calculations show that the Mg-suite rocks
comprise about 30% of the crust; alkaLi-rich lithologies are dominant (--60% of crust) in the form
of KREEPy norites, alkali anorthosites, and granites. Olivine vitroph)Tes are higher in MgO than supposed
Imbrium basin impact melts (15445 and 15455) and cannot represent melt rocks formed during this
event. P/eters (1982) has shown that the central uplift in Copernicus (95 km diameter) consists largely

of olivine derived from le_s than 10 km depth. Pre-lmbrium craters of similar size are common in
the Fra Maum region. Two of these craters ("northwest" and Fra Mauro) are less than one kin from
the Apollo 14 landing site, and may be the source area of the 14321 olivine vitrophyres.

INTRODUCTION

Geochemical modeling has shown that soils and breccias

in the lunar highlands consist of three principal components:

anorthosite, KREEP, and a high-Mg component (e.g., Wdnke

et al., 1976; Wasson et al., 1977; Korotev et al,_ 1980). In

addition, man), also contain small contributions from meteorites

and mare basalts. The anorthosite component used in the

modeling is usually taken to be the ferroan anorthosite that

characterizes the Apollo 16 site. While plagioclase-rich rocks

are the dominant pristine rock type at the other highland sites,

these vary from anorthosite to troctolite, and at the western

sites the anorthosites are sodic. KREEP is a cryptic component

that dominates incompatible element concentrations in soils

and breccias and only rarely occurs as a pristine rock. Major

element concentrations for k._EEP are poorly constrained, but

are generally thought to be noritic (Warren and Wasson,

1979).

The high-Mg component has been referred to variously as

"primary matter" ( rff_nke et al., 1976, 1977), SCCRV (Boynton

et aL, 1975; Wasson et al., 1977), and MAF (Korotev et al.,

1980). Like KREEP, the high-Mg component is also cryptic:

no pristine rock types with sufficiently high Mg are known

except dunite and lherzolite. However, these rocks are rare

in the returned sample suites and they have Mg/Fe ratios that

are too high by a factor of 2 (Korotev et al., 1980).

We report here on a nonpristine rock type that may represent

this iUusory Mg-rich component--the olix4ne vitrophyres of

!treat breccia 14321. These rocks, which have been described

previously from thin sections (A//en et aL, 1979), occur as

large (6.5 x 4.5 cm) clasts in lunar breccia 14321 (Shema_

and Tay/or, 1984; Shervais et al., 1984a, 1985a). We present

the first bulk-rock major and trace element analyses of this

rock type by INAA, with mineral and glass compositions by

electron microprobe.

These data show that the 14321 olivine vitrophyres are

impact melt rocks, as inferred by Alien et al. (1979), and

that they probably formed by the total or near total melting

of mafic-rich crustal lithologies in the Fra Mauro region. These

lithoiogies comprise the mafic-rich portions of both Mg.rich

4s
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.suite and alkali anorthosite suite plutons. The 14321 olix'ine

_qtroph}Tes represent the average composition of this crustal

material and include much of the "anorthosite" component

isolated by previous models.

PREVIOUS WORK

Lunar Breccia 14321

Lunar breccia 14321 (a/uzs Big Bertha) is the largest sample

returned from the Apollo 14 site and, at 9 kg, the third largest

sample renamed from the Moon. It was collected from the

rim of Cone Crater and represents Fra Mauro formation

exca_-ated from a depth of about 60 m below the surface

(Swannet al., 1977). The Fra Mauro formation was originally

thought to consist of prima., 3, ejecta from the Imbrium basin,

but based on comparative studies of terrestrial impact events

(e.g., H6t'z et al., 1983), it now seems more likely that the

Fra Mauro breccias consist dominantly of locally derived

material entrained by secondary impacts of the primary Imbrium

ejecta (tIawkeandHead, 1977). This conclusion has important

implications for the composition of the lunar crust at the Apollo
14 site.

A detailed petrographic stud)" of breccia 14321 by Gr/ete

eta/. (1975) identified three principal llthologic components:

(l) rounded fragments of pre-existing microbreccia,

comprising mineral and rock fragments in a dark, fine-grained

matrix; (2) igneous rock fragments of basaltic composition,

ranging in texture from glassy to ophitic; and (3) a light-colored

matrix that binds the clastic components.

Grieve et al. (1975) found that mineral fragments in the
matrix have compositors similar to minerals in the mare basalt*s,

suggesting that the matrix is dominated by comminuted basalt

fragments, with a smaller component of dissaggregated

microbreccia. This interpretation is supported in general by

chemical mixing models (Lindstrom et aL, 1972; Duncan et

a/., 1975).

Olivine Vitrophyres

Olivine vitroph}Tes were first discovered and named by Allen

et al. (1979) during a petrographic survey of 16 thin sections

from breccia 14321. The),, di_overed a total of 21 olivine

vitroph)re clasts ranging from 0.1-14 square mm (Allen et

a/., 1979). Bulk compositions of olk'ine vitroph)res were

determined by modal reconstruction using average mineral and

glass compositions from electron microprobe ana_,ses. Olivine

vitrophyres are distinguished from mare basalt clasts by their

high modal olivine, high MgO concentrations, and low CaO/

A1203 ratios_ Allen et al. (1979) concluded that theolivine

vitrophyres were impact melts of Mg-enriched highland crust

and attributed their high apparent Mg/Fe partition coefficients

(Kd _- 0.5) to olivine accumulation in the melt.

Gro, er et al. (1980) performed piston cylinder exT_riments

at high pressures on an average olivine vitrophyre bulk

composition to determine whetheror not it could be derived

as an endogenous melt of the lunar interior. The)' found that

the average olivine vitrophyre did not become multiply

saturated until pressures of 25-30 kb (470-570 kin). Grover
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et al. (1980) concluded that olivine vitroph)Tes probably did

not represent endogenous melts but formed near the surface

as suggested by Allen et al. (1979). Grover et al. (1980) also

determined equilibrium olivine/liquid partition coelficients

exTmrimentally for an olivine vitrophyre bulk composition. They

found Kd = 0.30-0.35 and agreed with Allen et al. (1979)

that the high apparent Ka's for Fe/Mg partitioning resulted
from oli_qne accumulation.

METHODS

In 1983, while the senior author was a research associate

at the Universit)' of Tennessee, a new consortium study of

breccia 14321 was instituted (Sbo72aL¢ and Tay/or, 1984). This

study was to characterize the diverse assemblage of clasts

present and to place these clasts within the context of our

current petrologic and geochemical understanding of lunar

rocks. A breccia guidebook to sample 14321 was published

that do_amaents the Mze and distribution of clasts (_

et al., 1984). We have alreach" published our results on pristine

highland lithologies (Lindstrom et al., 1984) and mare basalts

(Sher_ffs et al., 1985b) that occur as cIasts in breccia 14321.

Further work on the microbreccia clasts and matrix is in

progress (_ et al., 1985c; Knapp, 1986).

Previous studies of breccia 14321 were limited to thin

sections or small slabs that did not represent the bulk sample

(e.g., Gr/ete et al., 1975; Duncan et aft., 1975; Allen et al.,

1979). As part of our consortium effort, all remaining

subsamples of breccia 14321 greater than 10 g were examined

and mapped, including two new faces formed by a saw cut

through the largest subsample (_ et al., 1984a). Three

of the largest clasts exposed on these faces are oli_Sne

_4troph}Tes that range up to 6.5 x 4.5 cm. Additional smaller

clasts of olix_e vitroph}Te are distributed throughout the matrix

( Shervais et al., 1984a).

Representative chips of the three largest ol.k,ine vitrophyre

clasts exposed on the new west face of 14321 ,37 (DAd,

DA-3, and DA-4) were extracted and split into two portions:

one for whole-rock "analysis and the other to make polished

probe mounts (Shervais and Taylor;, 1984). Most of these clasts

remain in place and are a_ailable for further stud),. In addition,

mirror images of these clasts may be found on the east faces

of 14321 ,1082,1083 and ,1084 (Sherva/s et al., 1984a).

Whole-rock samples were analyzed for major and trace

elements by INAA at Washington Universit T ba_,ecl on the

procedures o_Lindstrom (1984), and data were reduced using

the TEABAGS program of Lindstrom and Korotev (1982).

Analytical uncertainties based on counting rate at the 1-o level

are as follows: 1-2% M, Fe, Na, Sc, Cr, Mn, Co, l.a, Sm, Eu;

3-5% Ca, Cel Tbl Ybl Lu, Hf, ra, Th; 5-15% Ti, Mg, Sr, Cs,

Ba, Nd, U; 15-25% K, V, Ni, Rb, Zr, It. The detection limit

for Ir is 2 ppb.

Mineral analyses were performed using the automated MAC

400S electron microprobe at the University of Tennessee.

Standards, operating procedures, and data reduction techniques

are those normally used in this hb (Shen._r:s et al., 1984b).

Major element anal)_es of residual glass in the vitrophyres were

made by broad beam (_ 20 microns) electron microprobe

analysis with a 30 nA beam current to minimize sodium loss.
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Fig. 1. Mug .shot of 14321 ,37 (south face), showing new surface

produced by slabbing in November, 1983. The three largest clasts

exposed on this face are olivine vitrophyres, labeled DA-1, DA-3, and

DA-4. Note the small light-colored clast near the pointed end of DA-
3.

PETROGRAPHY AND PHASE CHEMISTRY

The distribution of olMne vitrophyre clasts in breccia 14321

is shown in Fig. I, a photograph of the west face of sample

,37. These clasts are mapped as Dark Aphanitic (DA) because

in hand-sample the olivine vitrophyres have no discemable

texture and are dark greenish.brown or ofive-drab in color.

Three clasts from this face (DAd, DA-3, and DA-4) were

.sampled (Fig. I). DA-3 is the only true vitrophyre, consisting

of about 30% olivine microphenocr3_ts set in a dark reddish-

brown glass with traces of Fe metal (Fig. 2a). Sample DA-

I and DA--4 have similar olMne microphenocD, ts set in a glas,_,

to x-ariolitic matrix of plagtoclase, low-Ca pyroxene, augite,

ilmenite, Fe-metal, and glass (Figs. 2b,c) The variolitic textures

imply that these clasts experienced a slower crystallization rate

than DA-3 after an intitiaI quenching. Clast DA-I also contains

large, partially resorbed xenoct)_ts of olMne, pIagioclase, and

maskelynite (Fig. 2b), and DA-3 contains rare interclasts of

anorthosite or troctofite (seen in hand-sample).

Mineral Chemistry

OIMne cr3,,stals are divided into three groups based on size

and morphology: (1) microphenocrysts, (2)phenocrysts, and

(3) xenocrysts. Quenching of all three samples is indicated

by the size of the olivine microphenocr)_ts (20-100 microns)

and their characteristic skeletal morphologies (Fig. 3a). OIMne

microphenocrysts range in composition from Fo_,5 to FO87, but

most cluster in the narrow range of FO79 tO FO85 (Table l ).

The average composition of olivine microphenocryst in DA-

3, based on 50 random anal)_es, is Fo83. The average

compositions of olivine microphenocr35ts in DA-I and DA-4

are slightly lower (Fost in DAd; Fo_ in DA-4), and have o,,en

more restricted compositional ranges (Fo77.5 to Fo83 ).

Larger euhedral to subhcdral olMne grains (100-200

microns), some with internal skeletal growth structures, have

cores as magne_an as Fo_9 and zone outward to rims of Fo_,

to Fore (Fig. 3a). We interpret these larger grains to be early.

Fig. 2. Photomicrographs of olivine vitrophyre clasts from breccia
14321, all at same scale (FOV = 2.8 mm). (a) DA-3: olMne phenocrysts

and microphenocr)_3ts in glass; (b) DAd: olMne microphcnocrysts in

quenched groundmas,s of plagioclase, p}a'oxene, and glass., large rounded
crystals are xenocr3,sts of olivine (o) and feldspar (p); (c) DA-4: olMne

microphenocr).'sts in quenched groundmas.s ofplagioclase, pyroxene,

and glass; note variolitic texture.
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A

Fig. 3. Photomtcrograplx_ of olis'ine cr)'stals in vitroph}Tes DA-3 and

DAd. (a) Oli_,ine phcnoc .r.ryst(b) and microphcnoc_ts in #ass, DA-

3. Note the small size and &-licate, .skeletal morphologies of the oUx_rte

microphenocr)_ts. The slightly larger phcnocr3_t has morphology
similar to the microphenocr)_ts. FOV = 0.7 mm (b) Oti_'ine xenoc_,sts

(Xl, X2) surrounded by sntaller microphenocr),sts and phcnoer),ts

in DA-3. Xenocr).'st Xl has an Fo_- core, Fo, s rim; xenoc_t X2 ha._

an Foa, core, Fo-._ rim, suggesting back-reaction with a more magnesian
melt. FOX' = 1.4 mm (c) Iarge xenocr).._t of magnesian oli_5ne v,_th
an Fo_ core, F_,_ rim in DA-1. FO%"= 0.7 mm.

formed phen<x:r)_ts that did not re-equilibrate with the cvol_4ng

residual melt, but zoned outwards to more Fe-rich compo-

sitions. The presence of large, magnesian phenocrysts in

addition to the more common microphenocrysts implies a two-
stage cr),,stallization hi,or)'.

Olivine also occurs as xenocryst_% along with plagloclase and

maskelynite (Figs. 3b,c). The xenocu_ts range in size from

0.2 to 0.6 mm and arc generally subhedral with resorbed grain

boundaries= Plagloclase and maskelynite are commonly rounded

or entbayed, while olMne xcnocr3,-sts have subhedral or

irregular grain shapes with frittered grain boundaries. Olivine

xenocr_,_ts generally have homogenous core compositions of

Fosr to Fog0 and thin rims Fo_ to Fo_ in composition. We

found one olix'ine xenocr_t, however, with a core composition

of Fo_, and a rim of Fo73. This suggests back-reaction of an

Fe-rich xenocr)_t with a more magnesian melt. Plagloclase and

ma,skel)aaite xenoct3_ts range in composition from An,s._ to Ang_

and are not zoned (Tablc 2).

The x'ariolitic matrices of DA-1 and DA-4 consist of sheaf-

like arra)5 of slender plagioclase crystals (AnTv, Ablg, Or.,) that

engulf the olivine phenocrysts and microphenoc_._ts, and are

intergrown with granular aggregates of low-Ca pyroxene

(Wo3s.-.s, En72), augite (Woe+, En++), ilmenite, and Fe-metal.

Minor residual gla&s is found between plagioclase laths and

in nom-ariolitic patches.

Resldual Glass Chemistry

Residual glass was anal)xed in DA-3, the only tnae _4troph}re.

Twen W random spots were anal)7.ed with a 20 micron beam

and the results averaged (Table 3). The residual glas._ is alkali

rich, with NaaO -- 1% and K20 _ 0.4%. The Mg# [=100 •

Mg/(Mg+Fe)] is 64 (higher than most mare ba.salts) and the

CaO/AlaO_ ratio = 0.69, which is t3y,ical of highland melt rocks

(Vaniman atul Palffk.¢; 1980). The DA-3 glass composition

ks compared, in Table 3, to alkali-rich mare vitrophyres found

in breccia 14321. The mare vitrophyres have SiO,, "fiO2, MgO,

and Na.,O in the .same range as the olMne xitroph}ves, but

the' are lower in AI:O_ and K.,O, and higher in FeO. The

mare _itrophwes have Mg#s (43-45) and CaO/AI205 ratios

(0.86) that are t}pical of the aluminous basalts found at the

_Ilo i :t sltc_ Tiaus,the_major element chemist,'of the residual

glass in DA-3 clearly distinguishes it from mare x'itroph)xes

such as those de,scribed by S/.verr_Tis eta/. (1985b) and confim_

its highland affinities.

A,s noted by Allen et al. (19"v9), residual glass in the olivine

vitroph)res is compositionally _ariable due to the quench

growth of olivine. This is shown in Table 3 by representative

glass anal),=,es that ,span the range of obsen,ed compositions.

When plotted in the OI-An-Q ternary of Wa/ker et al. (1973),

the residual glass data form a field that extcncLs from near

the OI.Px.PIg reaction point into the plagioclase stability field

and away from the olivine apex (Fig. 4 ). Becaum plagioclase

is not observed as a liquidus or near liquidus phase in DA-

3, the_ data are consistent with meta,stable expansion of the

olivine phase volume due to suppression of plagioclase

nucleation during rapid ct3,_tallization, as shown by Taylor and

Nabelek (1979), and Nabelek et al. (1978).
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TABI.F.i. OIMnes in olivine vitroph_Te cl_.st DA-3 _)m breccia 1432 ! anal)_cd by electron microprtff_c.

I 2 3 4 5 6 7 8

SiO2 37.67 38,84 38.84 39.67 39.14 39.29 36.36 . 37.89

FeO 24.64 19.73 16.14 14.25 12.80 14.04 " 33.12 25.55

MnO 0.20 0.13 0.11 0.09 0.05 0.17 0.26 0.21

MgO 37.87 42.20 44.24 46.53 48.49 47.09 30.68 36.61
CaO 0.16 0.09 0.15 0.11 0.07 0.12 0.13 0.23

Sum 100.54 100.99 99.47 100.65 100.55 100.71 100.55 !00.57

Caffons tx'r four o.xygem

Si 0.986 0.987 0.987 0.987 0.970 0.977 0.990 0.991

Fe 0.539 0.419 0.342 0.296 0.265 0.292 0.754 0.559

Mn 0.003 0.002 0.002 0.001 0.000 0.002 0.005 0.002

,big 1.477 1.599 1.675 1.725 1.791 1.746 1.245 1.427
Ca 0.003 0.002 0.003 0.002 0.001 0.002 0.003 0.006

Sum 3.009 3.009 3.009 3.011 3.027 3.019 3.001 2.996

% Fo 73.3 79.2 83.0 85.3 87.1 85.6 62.3 71.9

Columns 1-4 are quench olivines xxith skeletal habits; colun_'xs 5-6 are the core and rim of a large
relict xenocr3.,st; colunuxs 7-8 are the core and rim of a smaller relict xenoctyst that is more Fe.rich
than the quench olixqnes.

WHOLE-R OC__ GEOCHEMISTRY

Whole-rock major and trace element anal).*,es of DA-1, DA-

3, and DA-4 by INAA are presented in Table 4. The major

element data are complete only for DA-3; however, for the

elements anal._ed, all three are x_rtu'ally identical. ALso shown

for comparison are major element an_yses of DA-3 by modal

reconstruction and the Average O1Mne Vitrophyre (AOV) of

Allen eta!. (1979).

The major element data for DA-3 confirm the highland

afl]rlities of the olivine vitroph)Tcs, with high Mg# (78) and

low CaO/AI20_ (0.69). Mass balance calculations using an SJO2

average olix4ne microphenoc_st and the average residual glass AI20_

show that the v,ahole-rock composition may be reconstructed FeO
if we assume that olivine constitutes about 30% of the mode CaO

by weight. The best fit is obtained if we assume that part Na_,O
K20

of this olivine has high Fo content (similar to the earl)"

phenocr3,'sts and the xenocr3,'sLs ) and that the rest is similar Sum

to the average microphenocr3_t composition (Table 4, column

5).
The AOV composition of Allen et al. (1979) has MgO =

24%, vdlich is considerably higher than the concentration in Si

DA-3 (19.2%). Allot et al. (1979) base their AOV composition AI

on the four most magnesian sitrophyres they found in thin Fe

section. Since these particular clasts are all small (< 6.0 ,square Ca
Na

ram), their modes may reflect nonmodal enrichment in oli_qne
K

or overcounting of olivine. Allen et al. (1979) report six other

modal reconstructions of olivine _itrophwe clasts that average Sum

around 20% MgO, and are almost identical to our analysis of

DA-3. We ,suggest that the MgO concentration used by Allen % An

et al. (1979) for their average olivine _Strophyre is too high,

and recommend our own "preferred average olivine _itrophyre"

composition, based on the average of our whole rock data

(Table 4).

The oli_'ine vitrophyres studied here have nearly identical

trace element concentrations (Table 4). All are greatly enriched

in incompatible trace elements relative to mare basalts and

TABLE 2. Plagiocla._e in olivine vitroph3Te clast DA-1 from breccia
14321.

1 2 3

45.18

35.84
0.22

19.o5
0.60

0.10

45.29 47.41
35.87 33.84

0.28 0.23
19.00 17.48

0.42 1.23
0.08 0.09

100.98 100.94 100.28

Canons per eight oa3_em

2.064 2.068 2.169

1.930 1.931 1.824

O.OO8 0.O09 0.008

0.932 0.930 0.856

0.052 0.036 0. !08

0.0O5 0OO4 0.004

4.991 4.978 4.970

94.2 95.9 88.4
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TABI.E 3. Residual glass in oli_'ine _4troph}Te c'last DA-3 analyzcd by electron micrt_prolx- with mare
hasah _itroph_'res from breccia 14321 (._rt_L_ et _d., 1985 ) .shown for comparimn.

1 2 3 4 5 6 7 8

SiO2 49.52 49.._ 49.73 49.23 49.49 0.96 47.49 47.04

"1702 1.55 2.04 2.00 1.79 1.87 0.22 2.22 2.30

AI203 1598 18.22 17.75 16.99 17.64 0.77 13.28 13.33

FcO 10.18 9.25 7.59 9.52 8.43 ] iX* 16.74 17.17

MnO 0.20 0.13 0.15 0.14 013 0.04 0.27 0.27

MgO I 1.96 8.78 8.09 7.56 8.34 I. 18 7.63 7.16
CaO 8.92 I0.(if3 13.05 12.09 12.18 1.45 I 1.41 11.41

Na20 0.75 0.95 0.98 0.86 0.99 0.18 0.81 0.92

K20 0.27 0.41 0.34 0.85 0.42 O.13 O.14 O.15

Cr:O_ 0,16 0.18 0.24 0.26 0,23 0.02 0.29 0,30

Sum 99.50 100DO 99.92 99.28 99.73 S,D. 100.28 100.05

Mg# 67.7 62.8 65.6 58.7 63.9 44.8 42.6

CaO/ 0.558 0586 07_5 0.712 0.690 0.859 0.856

AI20_

Colunm.s 1-4 are representative residual gla.s.s anab_es from olivine vitroph)Te DA-3; column 5 is

the mean of 20 glass anal).'ses from DA-3, and column 6 is one standard deviation of this average. Column
7 is the mean of 30 glass analyses of mare vitrophyre D_,:I from breccia 14321, and column 8 is

the mean of 25 glass anal)_-s from mare vitrophyre DA-6 from breccia 14321 (S/xorz._¢ et aL, 1985).

pristine highlands rocks. The rare earth elements are KREEPy,

with La = 170 × chondrite, Yb = 78 × chondrite, and La/

Lu = 22, which is the same ratio as K.q_EP (Fig. 5). The

other Kq_,EEPS' incompatible elements (K, Rb, Hf, Th, U) show

similar enrichments. Unlike KREEE however, the olivine

vitrophyres are also enriched in the compatible transition metals

So, Co, Cr, and V. These elements are more commonly identified

with either mare basalts or the cDptic marie component of

the lunar highlands.

One of the more important results of our trace element

"an_v, es is the demort_ation of high siderophile element

concentrations in the olivine vitroph._Tes. The high concen-

tration of Ir and Ni in all three olivine vitrophFres studied

here shows that these ros_ks represent impact melts, and they
are not pristine volcanic rocks.

DISCUSSION

The data pre._'nted above conftrnt the h}pothesis presented

by Allot et al. (1979) that olixSne vitrophyre clasts in lunar

breccia 14321 represent impact melts of lunar highlands

material. Their highlands "_nity is shown by high Mg#s, low

Ca/AI ratios, and KREEPy incompatible element enrichments.

Their origin by impact melting is shown by high siderophile

concentrations, which implies the addition of a meteoritic

component to the target. Ks noted byAllen et al. (1979) their

compositiorLs do not match any known lunar soil or regolith

breccia, and cannot be modeled using common pristine rock

types.

We must now face the dilemma of how to account for the

mafic-rich composition of them xitrophyres. There are _'o

possible ,solutions. The enrichment in marie components may

result from (1) the accumulation of oli,,ine in a more normal

highland impact melt, or (2) from the melting of a protolith

rich in the marie component. We will address first the question

of olMne accumulation, v_ahich hinges on the partitioning of

Mg and Fe between olMne and the melt.

Q

• "LASS/ ,'] : IKI=I_

/ -ov.. \

An

Fig. 4. Residual glass compositions from DA-3 plotted on the OI-

An-Q ternary of Walker et aL (1973). Shown for comparison are the

awerage olivine _ttrophyre ofAll_1 et al. (1979), our preferred olMne

vitroph)Te whole-rock analysis, feld_spathic peridotite 67667, and the
field of IKFM K-q_EP The residual glass data form a field that extends

away from the OI-An-Px reaction point into the plagioclase phase

volume. Since plagioclase is not present in these glasses, this trend

into the plagioclase phase volume _ggests suppression of plagioclase

nucleation due to rapid cooling rates (Nabelek et al., 1978).
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TABI.E 4. Whole rock analyses of olivine vitrophyres from breccia 14321.

DA-4 DA- 1 DA- 3 MR- 3 AOV"

,i 159 ,1180 ,I 158

Pr"el'erred

14321 AOV

SiO2 na na 48.3 46.6 45.7 46.5

"riO2 na na 1.3 1.31 1.03 1.30

AI203 na na 12.4 12.35 103 12.4

FeO 9.85 9.84 9.88 10.57 10.8 9.86

MnO na na 0.1312 0.12 0.12 0.13

MgO na na 19.2 19.51 24.3 19.2

CaO 8.5 7.9 7.4 8.56 6.27 7.9

Na20 0.801 0.806 0.796 0.69 0.78 0.80

K20 0.57 0.41 0.56 0.29 0.46 0.51

Cr203 0.227 0.235 0.225 0.16 0.17 0.229

Sum none none 100.0' 1000 99.93 98.83

7Pace Ele_r-nts

ppm
V 41 41

Sc 17.87 17.62 17.93 17.80

Cr 1555 1605 1537 1566

Co 34.88 38.2 33.4 35.5

Ni 310 340 240 297

Rb 18 27 20 22

Sr 134 176 157 156

CA 0.72 0.66 0.7 0.69

Ba 790 730 780 767

La 58.9 57.1 58.7 58.2

Ce 159 156 160 158

Nd 94 92 93 93

Sm 25.4 24. 26.5 25.3

Eu 2.05 1.96 2.01 2.01

Tb 6.05 5.92 6.17 6.05

Yb 19.7 19.5 20.1 19.8

Lu 2.63 2.62 2.68 2.64

Hf 21.9 21.8 22.4 22.0

Zr 800 810 830 815

Ta 2.55 2.53 2.61 2.56

Th 11.71 11.19 11.7 11.53

U 2.82 2.92 3.08 2.94

p_
7,2 6.7 5.8 6.57

Major and trace elements in DA-1, DA-3, and DA-4 by 1NAA; major elements in MR-

3 and the Average Olivine Vitrophyre (AOV') of A/L--n eta/. (1979) by modal

reconstruction fx'om electron microprobe anab=oes of glass and olivine. Preferred AOV

is our best estimate of major and trace elements in an average olivine vitroph_Tc, based

on averages of DA-1, DA-3, and DA-4 (except silica from MR-3).

Partitioning of Fe and Mg Between Olivine and Glass

A major problem in deciphering the origin of the 14321

olivine vitrophyres is the apparent disequilibrium in Fe/Mg

partitioning between olivine and a liquid having the bulk rock

composition. The bulk-rock Mg# (= 77.6) implies equilibrium

with Fog, olivine, using the experimentally determined

maximum Ko = 0.35 of Grover et al. (1980), or Fo92 for K_

= 0.30. The most magnesian olivine phenocryst observed,

however, is Fo89, which implies that the Kd is equal to 0.5.

Alternatively, this high apparent Ko may result from olivine

accumulation or kinetic factors (e.g., super-cooling of the melt;

Bianco and Taylor, 1976).

Both Allen et al. (1979) and Grover et a/. (1980) favor

olMne accumulation to explain this discrepancy between the

calculated and observed olivine composition, Allen et al. (1979)

calculate that 25% olivine accumulation is required for

equilibrium between their calculated average olivine _itrophyre

and the average microphenocryst composition; less accumu-

lation is needed if our lower MgO "preferred average olivine

vitrophyre" composition is umd, However, this conclusion is

not consistent with the observed petrography, The vast majority
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Fig. 5. Chonddte-normalized REE concentrations of our preferred

average olivine vitrophyre, compared to the range of Iow-K Fr'a Mauro

(LK__t) melt rocks, after Vaniman and PapOee (1980). Olivine

vitroph)Tes have REE concentrations at the upper extreme of the

range, and are only 0.5 x high-K KREEP.

of modal olivine formed by quench cr).,stallization during rapid

cooling w'ithin the melt sheet. Them olivines are small and

have delicate skeletal morphologies. Accumulation of such

olivine cr3_tals by gravitational settling is not po_ible under

these circumstances.

One explanation for this discrepancy is that the apparent

accumulation of olivine results from the incomplete digestion

of xenocr3.'stic olivine in the melt sheet. In this scenario, the

liquid composition v,-as never equisalent to the whole rock,

which contains ctasts of material entrained during flow. The

major problem with this explanation is that the observed

content of xenocrystic olivine is too low (< I% mc_Jally) to

account for the apparent enrichment, v,4aich requires at least

10% olivine accumulation (based on an equilibrium oUvine

of Fo_9 and our preferred AOV composition). Thus, v,ahile the

incomplete digestion of xenoc_tic olivine is a factor in this

problem, it is not the complete .solution.

Relationships between obtained olh'ine compositions and

calculated equilibrium values in DA-3 are shown in Fig. 6. q'he

average olivine microphenoc_t (Fo_¢_) is virtually identical

to the calculated oli_'ine in equilibrium vdth the average residuM

glass (Fo_:_.s). Further, the range in obse_,ed olivine

microphenocr3.'st compositions is similar to the range in

equilibrium olivine compositions calculated from the range in

residual gla_s analyses (Fig. 6). The rims on most large oli_aes

al_ fall _4thin this same range. The implication is that

conditions approaching equilibrium were maintained between

the olivine microphenocrL, sts and residuai liquid on a local

scale near individual grains, but not on a large scale. This

suggests that kinetic factors may be important in the origin
of these rocks.

There are at least t_'o possible explanations for the

discrepancy between observed and calculated olivine

comt'xositions that focus on kinetic considerations: ( 1 ) the rapid

quenching to form oiMne microphenocr3_sts may have been -

preceeded by a period of slower cr)stallization, during wahich

the larger, euhcdrai olivine phenoct3_ts formed, or (2) the

t=arlicst olivine formed by "disequilibrium" crystallization,

during which the effective K_ was close to 0.5. /_ruddson

et al. (1975) and Bianco atwl Taylor (1976) have shown that

effective K_ Yalues will approach 0.5 at high cooling rates (48 °

to 4OO°C/hour) because cations are not able to diffuse through

the melt fast enough to maintain bulk equilibrium at the cD_tal-

liquid interface. This explanation implies that cooling rates were

highest during initial crystallization and slowed a.s cr),_talliT_ation

proceeded, consistent with the inferred cooling history of

impact melt sheets (Onorato et al., 1976, 1978).

It is difficult to distinguish between them h)Tx_theses with

the data premnted here. The large size of the olivine

phenocrysts relative to the microphenocr)_ts, and the presence

of thin rims on the phenocr3_ts that are more or less in

equilibrium vdth the adjacent glass, supports the first

explanation--early crystalliz_ation at rates slow enough for the

crystals to maintain bulk equilibrium _ith the meh, followed

by more rapid cr_,tallization. On the other hand, dimquilibdum

cD_tallization (i.e., crystallization where the effective I_ is

---0.5) is supported by the metastable expansion of the olivine

phase volume into the plagioclam phase volume (Fig. 4). In

an)' event, it is not necessm 3, to invoke olivine acomaulation

to account for the apparent di_repancy in Fe-Mg partitioning.
Olivine accumulation is not consistent with the observed

textures, which must have formed by rapid "quench"

crystallization.

In summary, we conclude that the high MgO concentrations

observed in olivine vitroph)a-e bulk-rock samples is not the

result of gravitational accumulation of olivine; the high MgO

content of the bulk rock must be a primary characteristic of

the original melt.

lo
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Equilibrium Ollvln6 Rlelgo
Whole Rock

Average GlasI Equilibrium Olivine _ [] Equilibrium Olivine

[] Ave_aOe MIcropl_inoeryll
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Fig. 6. Compositional data for olis'ine microphenocr'ysts (shaded),

phenoc_'sts (open circles), and xenocrysts (clomd circles) in

vitrophyre DA-3. compared to the range of oli_n_ in equilibrium

with the residual glass (shaded bar), the olix_ne in equilibrium _,_th

the average residual glass (large filled circle), the average oli-¢ine

ndcrophenocD'st (open square), and the otivine in equilibrium with

the whole rock (fiLled circle in square). Note that the range of oliYine

in equilibrium with residual gla._.sand the olivine in equilibrium _fith
the average gla._s (based on K_ = 0.33) correspond to the obse_ed

range in olivine microphenocr3_ compositions and the average
microphenocr3'st composition, respectively This implies that
equilibrium was maintained on a local _aie, but not throughout the
rock.
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Olivine Vitrophyres and the Highland Mafic Component

All geochemical models of the soils and breccias in the lunar

highlands have demonstrated the need for a marie component

that is not represented by any of the common lunar rock types.

Mare basalts cannot fulfill this role because, although they are

rich in marie elements, their Mg/Fe ratio is too low. Dunite

and lherzolite are more magnesian, but they are exceedingly

A major problem with all of the marie components calculated

previously is that their Mg/Fe ratios and MgO concentrations

are too low to reproduce the 14321 olivine vitrophyre

composition when mixe_l with the large proportion of KREEP

required to balance the trace element data. One solution to

this problem is to calculate a mafic component that is tailored

to the 14321 vitrophyres, using the same iterative technique

as Wasson et 02. (1977) and Korotev et 02. (1980). The results

rare and their Mg/Fe ratios are too high by a factor of 2 (KoroteV of this exercise are shown in Table 7 ms "MAF-14?'

et 02., 1980). The most recent suggestion is the postulate of

Ringuood et 02. (1987) that the mafic component at Apollo

16 derives from ancient komatiite lava flows.

The Mg content of the 14321 olivine vitrophyres is much

higher than "normal" lunar soils or regolith brecclas (e.g., Lau/

et 02., 1982; Jerde et 02., 1987) and presumably contains a

higher proportion of the elusive malic component. Because

of their high MgO concentrations and intermediate Mg/Fe

ratios, the 14321 olivine vitrophyres cannot be modeled as

simple mixtures of the more common, felsic highland

lithologies (anorthosite, norite, troctolite).

Least squares mixing models using both major and trace

elements show that our "preferred" average olivine vitrophyre

can be modeled as mixtures of various cryptic mafic

components (e.g., SCC'R_; MAF) plus KREEP, anorthosite, and

an "extra lunar" (meteorite) component. Most models require

-30-35% marie component, 50-55% KREEE 8-10% anorth-

osite, and about 1.5% meteorite (Table 5). The fits are poor,

however, and cannot be improved by adding other components

such as mare basalt. The problem is exacerbated if we use

a marie component derived from Apollo 14 regolith breccias

The major differences between MAF. 14 and the other mafic

components are its MG# (= 84) and its MgO concentration

(-42 wt %), both of which are significantly higher than SCCRV,

MAF, and Primary matter. Our preferred AOV comprises about

30% MAF-14, 53% KREEP, 13% alkali anorthosite, and 2% extra

lunar component (Table 5). The Mg-rich nature of MAF.14

compared to other calculated marie components must represent

a real difference in the composition of marie rocks that

contribute to this component. This difference reflects the Mg-

rich nature of the western highlands crust compared to the

Apollo 16 highlands. In the next section, we attempt to relate

this cryptic Mg-rich component to pristine rock types that

constitute the western highlands crust.

Olivine Vttrophyres and the Pristine Highland Rocks

Previous studies of Apollo 14 breccias have established that

Mg-suite troctolites and anorthosites, alkali anorthosites and

norites, and mare basalts are the most common pristine rock

types found at that site (Hunter and Taylor, 1983; Warren

et 02., 1983a,b; Shenx_ et 02., 1983, 1984b, 1985b; Lindstrom

et 02., 1984). Less common, but still important from a

("SCCRV-14"; Jerde et 02., 1987)because the MgO content petrogenetic standpoint, are granite and ilmenite norites/

of this component (-20% MgO) is the same as the 14321 gabbros, both of which may be associated with the alkali suite

vitrophyres. This leaves no room for the KREEP component, (Shert_is and Taylor, 1986; James et aL, 1987). Dunite,

which must be over 50% to account for the high incompatible pyroxenite and ferroan anorthosite are rare at the Apollo 14

trace element concentrations, site.

TABLE 5. Mixing results for Preferred 14321 AOV with _arious marie components derived from the
literature and by unmixing of our preferred AOV composition.

Component Mix I Mix 2 Mix 3 Mix 4 Mix 5 Mix 6

SCCRV 31.1% 35.0%

MAF - 34.7% 33.4% -

MAr:-14 29.4% 30. 1%

KREEP 46.4% 38.9% 42.9% 45.1% 53.7% 52.1%

Meteorite 1.65% 1.68% 1.41% 1.42% 1.71% 1.70%

Granite 3.14% 2.98% 2.77% 1.51% 1.49% 0.76%

FAN 11.6% 1!.9% 10.9%

ALKAN - 17.0% 12.2% - 13.5%

Sum 94.0% 95.5% 93.6% 93.6% 97.2% 98. !%

Chi-sq 23.5 19.4 26.1 27.4 5.6 4.3

Marie components are SCCRV (Wasson et al., 1977), MAF (Kemote_, et aL, 1980), and MAF.14 (derived

here) Results for the Primat T matter of lg_tnke et al. (1977) are similar to those of SCCRV Other

components are Kq_EP (Warren and Wasson, 1979), FAN"(Wasson et al., 1977), ALKAN (14305,400,

Sben_as et al., 1984b), meteorite (Bo)qlton et al., 1975), and granite (14321,1198; unpublished data).

MAF-14 derived by succexsive appro:,dmations to prodde reasonable match to bulk MgO and Mg#. ka_,EEP

adjusted to higher SiO2 (49.5%) and TiO, (2.0%) to provide better fits.
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The composition of olivine and plagioclase xenocr3.._,ts in

the 14321 vitroph_res provide important clues concerning the

constitution of the source rocks. Olivine xenoct3,_ts are mostly

magnesian (Fos? to Fo,)0), but one ferroan olivine is also found

(Fo66). Plagioclasc/maskelynite xenoct3.,sts .span a wide range

of compositions, from An83<, to An94,, (Table 2). The_

xenocrysts reflect a range in parent rock types that corresponds

to the common pristine rock D'pes at the Apollo 14 site: Mg-

suite troctolites (caicic plagioclase, magnesian olivine), alkali

anorthosites or gabbronorites (sodic plagioclase), and possib b'

mare basalt (ferroan olivine). Ferroan anorthosite (calcic

plagioclase, ferroan olivine) may be present "also, but is not

required. The correspondence between the :inferred parent

lithologies and rock types common in the Apollo 14 sample

suite supports the idea that local crust _,as sampled by the

impact.

Geochemical studies of Apollo 14 pristine rocks have shown

that these lithoIogies are generally enriched in incompatible

trace elements relative to similar rocks from other sites ( Warren

et al., 1983a,b; _ et al., 1983, 1984b, 1985b, Lindstrom

eta/., 1984). Least squares mixing models using pristine rock

compositions from the Apollo 14 site show that the preferred

average olivine vitrophyre may be modeled with moderate

success as a mix of KREEP (_50-60%), dunite (_25-30%),

mare basalt (_10-12%), granite (---0-2%), anorthosite (8-

!2%), and an extra lunar component (--2%). The exact

proportions vary somewhat, depending on the type of

anorthosite used (Table 6). Mare bxsalt ks required to accour{t

for the high Sc, V, Fe, and Ti; small amounts of granite help
raise the Si content of the mix.

The high concentration of KREEP derived from the mixing

models is required by thc incompatible trace element data.

Olivine vitrophyres have K, REE, P, and Hf concentrations 10×

to 200× higher than most pristine highland rocks, and "about

half that of high-K I_EEP. Because ._,ollo 14 alkali anorthosite

has higher REE, K, and Na concentrations than FAN, slightly

lower KREEP contents are necessary when alkali anorthosite

is used in place of FAN as the anorthosite component (Table

6). Regardless of which anorthosite is used, however, the overall

chemistry of the mix is strongly dominated by _E

We suggest that the mixing components used here do not

necessarily represent distinct components in the lunar crust.

As di_'us.sed by Korotev et <d. (1980), the cryptic matic

component (dunite in this case) may represent the marie

portion of .some prevalent lunar rock t)pe. If we mix dunite

with anorthosite, the result is an Mg-rich trtx=tolite (Table 7)

that probably represents the average composition of Mg-suite

rocks melted in the impact event. Alkali-rich lithologies are

most likely repre_nted by the K_EEP component, which has

affinities to alkali anorthosites, norites, and iimenite

gabbronorites. These rocks have an average major element

composition that is roughly equixalent to norite and similar

to high-K KREEP, and their trace elements are dominated by

a K.._EEI_, Overprint, so ill,_3, may easily be represented in the

mixing models by a single component.

Mixing models that use only these t_,o com_nents (Mg-

rich troctolite and IOhE.EP) plus an extra lunar component

pro_Sde good solutions (Table 6) that suggest the proportions

of Mg-suite and alkali suite rocks in the Apollo 14 crust. Alkali

suite rocks predominate by a two-to-one ratio over Mg-suite

rocks, approximately the inverse found for pristine rocks. The

difference may be explained by the common occurrence of

KREEP ms an extrus_,,e rock (Ska'rley and Wasson, 1981 ), or

from the exclusion of the nonpristine kq_EPy granulitic norites,

which are probab b, the most common alkali suite lithology.

Implications for the Composition of the Western

Lunar Crust

Studies of terrestrial impact melt sheets have shown that

the}" have extremely homogeneous compositions due to

turbulent mLxing of the .superheated melt phase with entrained

clasts (Simom_s et al., 1976, 1978). Further studies have shown

that most of the melt sheet is confined to the crater cavit T,

TABIZ 6. Mixing results for Preferred 14321 oli_'ine x'itrophyrc using pristine highland
lithologies from Apollo 14.

Component Mix 1 Mix 2 MIX 3 Mix 4 Mix 5 Mix 6

Dunite 23.7% 23.7% 24.4% 24.3%

MGTROC 32.9% 33.7%

FAN 8.2% 0.33%
Magan 9.9%

ALKAN 10.8% 10.6% -

KqlEEP 53.2% 51.0% 48.9% 51.0% 51.7% 61.2%

Meteorite 1.83% 1.80% 1.83% 1.83% 1.80% 1.80%
Granite 1.65% 1.79% 1.41% - 1.72%

Mare 8.2% 8.6% 10.O% 9.3% 8.3%

96.7%

3.7

Sum 96.8%

Chi-sq 4.3

97.4% 97.0% 96.7% 96.7%

2.5 2.45 3.7 4.3

MGTROC derived from mix of dunite (72%) and Mg-suite anorthosite (28%). ComponentS are same
as Table 5, exct.-pt duhite and Magan from Lindstrom et al. (1984) and mare from Sbertais et al.

(1985b).
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although ejected melt may be transported as far as one crater

diameter (Houzcrd and lgflshire, 1975; H6r-z et al., 1983).

This implies a relatively local origin for melt rocks. Melt rocks
that remain within the crater cavity may be redistributed by

later impacts.

The 14321 olivine vitrophyres are anomalously mafic

compared to average lunar crust calculated from ,surface

chemistry (e.g., Ad&,r and Trombka, 1977; Taylor and Jakes,

1974; Taylor, 1982) and compared to the Apollo 14 regolith,

which averages about 9.5% MgO (Lau/ et al., 1982). Since

surface geochemistry is skewed towards surface Llthologies (e.g.,

Ryder and !X,?_d, 1977), these data imply that the marie

TABI£ 7. Coptic components derived from 14321

vitrophyres.

MAF-14 MGTROC

Wt %

SiO_ 42.0 41.4

TiO2 0.4 0.I 16

Al20_ 1.20 9.195
FeO 15.0 8.30

MgO 41.0 36.78
CaO 0.8 5.42

Na20 0.25 0.165

K20 0.05 0.035

ppm
Sc 30 4.35

Cr 2800 434
Co 40 45.5
Ni 120 64.4

La 0.2 9.72

Ce 0.54 24.7
Sm 0.12 4.16

Eu 0.10 0.75

Yb 0.13 2.73
Lu 0.02 0.472

l-If 0.10 1.745

component of lunar crust must reside at deeper crustal levels.

The outstanding question is, how deep?

The generation of mafic-rich impact melts is commonly

thought to require a basin-forming impact large enough to

sample the deeper crustal levels where marie-rich protoliths

are thought to dominate (e.g., Ryder and Bower, 1977). Tile

only basin close enough to the Apollo 14 site to be a reasonable

candidate, however, is the Imbrium basin. OlbAne vitrophyres

are too high in MgO, however, to represent lmbrium basin

impact melt; the best-documented samples of lmbrium basin

impact melt (15445 and 15455) contain only 13% to 14%

MgO (Ryder and Bower, 1977).

Ptitters (1982) has reported spectral reflectance data that

show that the central peak of Copernicus is dominated by

dunite, which we have shown may represent the mafic

component in the 14321 oli_Sne vitrophyres. Extrapolation of

data on cratering d_rtamics to a crater the size of Copernicus

(--96 km) suggests that the central peak material was excavated

from depths of up to 10 km (Pieters, 1982; P_ters and

W'dhelms, 1985). Thus, the mafic component is closer to the

surface in some areas than one would assume from the surface

chemistry data. Pwters and Irdt//_lrn,¢ (1985) attribute this near-

surface enrichment in marie material to removal of the early

ferroan crust by ballistic erosion during basin-forming impacts

(e.g, the ProceUarum___ basin event).

tIau,ke and Head (1977) made an extensive stwvey of pre-

Imbrium craters in the Fra Mauro region. They found four

craters ("northwest," "central," "site," and Fra Mauro) that are

close enough to the ApoLlo 14 landing site to deposit signicant

amounts of impact melt at the site. Only' two of these

("northwest" and Fra Mauro) are large enough (95 to 136

km in diameter) to generate impact melt deep enough to

involve marie rocks like those inferred to underlie Copernicus

(95 km diameter) by /:_ters (1982). There are many other

potential source craters that are farther away, but the lack

of shock features in the olivine vitrophyre clasts argues against

emplacement by later impacts into an already solid melt sheet.

The enrichment in KREEP observed in Apollo 14 soils,

breccias, and orbital geochemistry must extend to at least 12-

17 km depth in the Apollo 14 crust, based on the estimated

maximum depths of excavation calculated by Hawke and Head

(1977) for Fra Mauro and "northwest" craters. KREEPy element

concentrations are as high in the 14321 olivine vitrophyres

as they are in the ApollO 14 regolith, despite the high

concentration of marie components in the vitrophyres. The

implication here is that IO1EEP is an important component

in the intermediate crust, where it is part of the indigenous

rock suite. This deeper crustal KREEP may exist in the form

of KREEPy norite plutons (e.g., Ryder and Wood, 1977; Ryder,

1976; _wren et al., 1983a, b; Lindstrom et al., 1984; Sbenm_

and Tco,lor, 1986).

The mixing models calculated here for the olivine vitrophyres

show that granite remains a minor but important mixing

component at the Apollo 14 site, consistent with its observed

modal abundance in the A-14 pristine rock suite, in the A-

14 regolith, and in A-14 regolith breccias (ll_i_ren et al., 1983;

Simon et al., 1982;Jerde et al., 1987). The inferred abundance

of granite in A-14 regolith breccias (Jerde et aL, 1987) and

in the 14321 vitrophyres (1-2 wt %) is much higher than

that estimated for A-14 regolith (0.3-0.5 wt %; S/._ort.c_/s and

Taylor, 1983; Jerde et al., 1987). This suggests that granite

may also be more common deeper in the crust, probably in

association with noritic plutons of the alkali-rich suite (e.g.,

Ryd_, 1976;James, 1980).

CONCLUSIONS

The data presented here show that the olivine x4trophyres

of lunar breccia 14321 are impact melt rocks, as proposed

by Allen et al. (1979). These rocks are unusual because they

are exceptionally rich in both KREEP and a high-Mg mafic

component. KREEPy trace elements are present in concen-

trations approximately 0.5 times the high-K K'REEP component

of Warren and Wasson (1979). The high MgO concentration

of the vitrophya'es is manifest by skeletal quench cD_tals of

olivine that constitute approximately, 30% of the mode.

MLxing calculations show that the mafic component of the

14321 olivine vitrophyres is more magnesian than cryptic mafic

components isolated at the Apollo 16 site (SCCRV, MAE Primary
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matter) and cannot bc m(_Ieled by any mixture that urns them

cryptic components. Mixing calculations based on pristine

highland lithologies require about 25% dunite and 10%

anorthosite, along with Kq_.EE granite, and extra lunar material.

Since dunite is not a common rock t3pe, we suggest that its

components occur combined with "anorthosite" as Mg-suite

troctolite. Alkali.rich lithologies are represented by KREEP and

minor granite.

The absence of ferroan anorthosite from this assemblage is

consistent with a crust that is locally dominated by later Mg-

suite and alkali-suite plutons. Since dense Mg-suite magmas

are not likely to be emplaced at shallow levels in a ferroan

anorthosite crust, the emplacement of Mg-rich material close

enough to the surface to be .sampled by lO0-km size craters

probably requires that the early ferroan crust was thinned or

removed by ballistic erosion during basin-forming impacts (e.g.,

Sher_is ami Taylor, 1986; Pieters and Wilbelms, 1985).

The importance of impact melt rocks in deciphering lunar

crustal origins should not be overlooked in the current fe_'or

for pristine rocks. Many important rock t3pes may not be

sampled in their pristine state because they formed on the

lunar surface during the later stages of accretion, or because

they occur deep within the crust and are only .sampled by

large impacts which destroy their pristinit T. The merits of

nonpristine rocks for understanding the origin of the lunar

crust are aptly demonstrated by the data presented here on

the 14321 olivine vitrophyres.
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Recent petrologic studies of pristine nonmare samples from the Apollo 14 site have demonstrated the

unique character of the western highlands crust. Many of the lithologies which occur here are not found at

other highland sites or represent unique variations of more common lithologies. Rare highland samples found

9 4 - 4

5'/-'¢/

=

at the Apollo 12 site have petr,)logic and geochemical affinities with the Apollo 14 highland suite and the two _ .
sites taken together constitute what can be called the Western Highland Province. Rocks of the Western .: 7,__...,,i__

Highland Province are geochemically distinct from similar lithologies found at eastern highland sites (Apollo 15, _ ,

Apollo 16, Apollo 17, and the Luna sites) -- a fact which adds further complications to current petrogenetic

models for the lunar crust (e.g., [1]; [2]; [3]). Nonetheless, an understanding of how the Western Highlands

Province formed and why it differs from highland crust in the east is crucial to our overall understanding of

primordial lunar differentiation and petrogenesis.

OCCURRENCE: Highland plutonic rocks at the Apollo 14 site occur only as clasts in the crystalline-matrix Fra

Mauro breccia (e.g., 14304, 14305, 14321) or in younger regolith breccias (e.g., 14312, 14318). Many of these
clasts have rims of an older, dark breccia matrix attached, which shows that these rocks have been effected by

at least two or three episodes of brecciation. Texturally the clasts vary from cataclasites with no surviving

primary textures, to texturally pristine clasts with well preserved igneous textures. The texturally pristine clasts

are generally chemically pristine as well, unless they have been invaded by thin glass veins of melt rock. Many

texturally pristine clasts are known only from thin section and electron microprobe study, and no chemical data

are available. Pristinity of the cataclasites must be evaluated chemically using siderophile element concentra-

tions and the cut-off values for siderophile contamination suggested by Warren and Wasson [4].

LITHOLOGIES: Three distinct suites of plutonic rock are important at the Apollo 14 site: the Magnesian

suite, the Alkali suite, and a variety of evoh, ed lithologies. The Magnesian suite can be further subdivided into

the olivine-bearing magnesian troctolite association (which includes troctolite, anorthosite, dunite, and pyrox-

ene-bearing troctolites) and the less abundant magnesian norite association (which includes norites, olivine

norites, gabbronorites, and ilmenite gabrros/norites). Ferroan anorthosites ("FAN"), which dominate highland

suites in some eastern provinces (Apollo 15, Apollo 16) are rare in the Western Highland Province. Each of

these suites, including FAN, will be considered here in order of their relative abundance.

MAGNESIAN SUITE

Magnesian Troctofite Association: The magnesian troctolite association includes a variety of olivine-bearing
rocks characterized by relatively calcic plagioclase compositions (An93-96) and a range in olivine compositions

(Fo75-90). Troctolite is the most common lithology in this association, with modes around 30-40% olivine and

60-70% plagioclase ([1]; [5]; [2]; [6]; [7]). More marie compositions with 50-60% olivine are less common (e.g.,

[7]; [11]), but troctolitic anorthosites with 10-15% olivine and 85-90% plagioclase are widespread ([5]; [8]; [9]).
A few troctolites also contain minor enstatite and diopside. Other important members of the Apollo 14

magnesian troctolite association include magnesian anorthosite, dunite, and pyroxene-rich troctolite.

Magnesian anorthosites are relatively new additions to the Mg-rich suite ([9]; [7]). These rocks are
characterized by plagioclase-rich modes (90-99% plagioclase) with mineral compositions similar to the Mg-

troctolites: An94-97 plagioclase with minor Fo84-90 olivine. An REE-rich Ca-phosphate phase (probably

whitlockite) forms a large, 500 x 120 micron, anhedral grain in one of these anorthosites ([71 [19]) and may

contain almost all of the REE found in this samples.

Dunite is another rare but important member of the magnesian troetolite association. Two small

dunite clasts have been found to date: one in breccia 14321 ([7]), the other in breccia 14304 ([11]). Both consist

of nearly pure Fo88-89 olivine with almost no compositional variation either within or between the two clasts.
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Two pyroxene-rich troctolite clasts have also been found. One is an anorthositic troctolite with 80%

plagioclase, 15% olivine, and 5% diopside, the other is a marie troctolite with 46% plagioclase, 47% olivine, 7%

enstatite, and minor Cr-pleonaste [8,9,10]. Mineral compositions are similar in both, with An94-95 plagioclase,

Fo88-89 olivine, and pyroxene Mg#s (= 100*Mg/[Mg+ Fe D of 90. The Mg-rich compositions of the olivines

and coexisting pyroxenes indicates that the parent magmas reached pyroxene saturation early in their fractiona-

tion history, prior to extensive olivine fractionation. In addition, the stable coexistence of olivine-enstatite and

enstatite-spinel (both in discrete grains and in enstatite-spinel symplectites) indicates that crystallization oc-

curred relatively deep in the crust, where the four-phase assemblage ol-plg-opx-sp was stable [8,9,10].

Hunter and Taylor [5] were first to notice a compositional gap between two troctolite subgroups (figure

1). Group I troctolites tend to have more mafic-rich modes and more magnesian phase compositions (olivine

Fo85-90); Group II troctolites are more felsic modally and have more Fe-rich mineral compositions (olivine

Fo74-81). All of the minor iithologies discussed above plot with the Group I troctolites. Only one sample of

Group II troctolite has been anal_ed chemically (14321 c2 -- [2]). Its incompatible element abundances are in

the same range as the more numerous Group I troctolites.

Magnesian Norite Association: The magnesian norite association contains a diverse assemblage of rocks re-
ferred to as ilmenite gabbros, ilmenite norites, and gabbronorites [3,5,8,11]. Only four clasts have been de-

scribed so far that can be considered unequivocably part of the Mg-suite: norite 14063 ,61 [5], gabbi'onorite

14304,125 [11], olivine norite 14318,149 [6], and olivine norite 14305,489 [12]. These rocks have modes with

subequal portions of plagioclase and pyroxene -- generally pigeonite with minor auglte. Ilmenlte is a common

accessory phase in some of these clasts, along with Ti-spinel, Fe-metal, and troilite. Plagioclase compositions
are around An87-90 and marie silicates have Mg#s between 70-75. One a plot of An content of plagioclase

versus Mg# of marie silicate (figure 1), these rocks plot between rocks of the magnesian troctolite association

and the alkali suite.

Several clasts in breccias 14303, 14304, and 14305 are gabbronorites with An90-95 plagioclase and rela-

tively Fe-rich marie silicates with Mg#s 65-70 [8,11,12]. These rocks generally have orthocumulate or mesocu-

mulate textures, with primocrysts of plagioclase and pigeonite surrounded by post-cumulus feldspar, pigeonite,

augite, ilmenite, and Ti-spinel. Their modes are similar to the magnesian norites described above, but they

plot below the Mg-suite field on an An-Mg# diagram, between the magnesian norites and the ferroan anorthos-

ite field (figure 1). This is the same region where Apollo 14 mare basalts plot, suggesting that some of these

gabbronorites may be cumulates derived from aluminous pigeonite basalts (e.g., [8]). Potential mare cumulates
are characterized by high modal ilmenite and Ti-rich (TiO 2 > 0.5 wt%) cumulus pigeonites. These rocks also
fall on calculated fractionation trends for Mg-suite parent magmas [13] and may be related to the Group II

troctolites by fractional crystallization. Gabbronorites with Ti-poor pigeonite and low modal ilmenite may thus

be related to more magnesian members of the Mg-suite.

ALKALI SUITE

Alkali Anorthosite/Norite Association: The Alkali suite was first recognized by Warren and Wasson [4] and

subsequent studies established it as the second most common highland rock association at the Apollo 14 site

[2,5,6,8,9,10]. This suite was once thought to be unique to the Western Highlands Province, but similar alkali

gabbronorites are now known from the Apollo 16 site [7,14]. The most common lithologies are anorthosite and

norite or gabbronorite; olivine norites are rare.

Alkali anorthosites were the first alkalic highland lithology recognized [1]. Seven true alkali anorthos-

ites are known from Apollo 14 [1,5,9,10,11]. These rocks are characterized by modes of 95-100% plagioclase

(An76-86) with minor pigeonite, augite, K-feldspar, ilmenite, silica, whitlockite, and Fe-metal. Marie silicates

have Mg#s 50-70, with the higher Mg#s being auglte. Plagioclase primiocrysts are up to 1.5 mm across; acces-
sory phases are generally much smaller. Whitlockite (an REE-rich Ca-phosphate) occurs either as interstitial

grains or as small inclusions in plagioclase primocrysts (indicating co-saturation) and may comprise up to 2%

modaIly.

,k
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Alkali norites are another common alkalic lithology -- at least six clasts are currently recognized

[5,6,8,10,11]. These rocks typically contain 75-85% modal plagioclase (An80-85), but more mafic clasts with 14-

40% plagioclase are known. Pigeonlte or hypersthene are the most common mafic phases, and may occur
either as cumulus primocrysts or as post-cumulus crystals interstitial to plagloclase. Augite, K-feldspar, ilme-

nite, and whitlockite are common post-cumulus accessory phases; Mg#s in the marie silicates are typically the

same as in the alkali anorthosites (53-63 in pigeonite, 64-68 in augite). Whitlockite is found in most alkali nor-

ites and may comprise up to 35% of the mode [10]. As a result, REE in these clasts exhibit a wide range in
concentrations.

Two alkali olivine norites have been described [12,14]. These rocks contain about 65% modal plagio-

clase, 25% orthopyroxene or pigeonite, and 5-10% olivine modally, with minor ilmenite, whitlockite, and troi-

lite. Plagioclase compositions are typical of the alkali suite (An78-83), but the mafic silicate compositions are

Mg-rich compared to typical alkali norites and anorthosites, with olivine Fo70-80 and pyroxene Mg#s 75-85

(figure 1).

EVOLVED LITHOLOGIES

The most common evolved lithology at Apollo 14, commonly referred to as "lunar granite", is a grano-

phyric intergrowth of quartz and alkali feldspar, either alone, with sodic plagioclase (An60-80). The alkali

feldspar vary from nearly pure orthoclase (Or95 Ab5) to a ternary feldspar (Or45 Ab25) which plots in the

forbidden zone in a feldspar ternary [15,i6,27]. In one small granite clast orthoclase and ternary feldspar both

occur as granophyric intergrowths with quartz [27]. Accessory minerals include pigeonite, augite, ferroaugite,

fayalite, ilmenite, zircon, and Ca-phosphates (apatite, whltlocklte). Variations in mineral assemblages and in

mineral compositions (e.g., BaO in alkali feldspars, Mg# in mafics) indicate that at least four distinct parent

magmas are involved.

The only age data available at the Apollo 14 site on highland lithologies are from lunar _n'anite 14321,
1027 I16,28]. This granite has been dated at 4.1 Ga using Rb/Sr isochron techniques [28]. Its 87Rb/86Sr and

87Sr/'86Sr ratios are the highest yet measured on any lunar material [28].

Granite clasts are relatively common at the Apollo 14 site, which suggests that granite differentiates of

marie plutons are a common and important crustal component in the Western Highlands Province. Based on

the abundance of K, Si-rich glasses in Apollo 14 soils and regolith breccias, granites are estimated to comprise

0.5% to 2% of the crust here [17,27].

FERROAN ANORTHOSITES

Ferroan anorthosites are rare at the Apollo 14 site. Only one clast of ferroan anorthosite has been

characterized chemically and petrographically [6]. This clast is a monomict cataclasite which consists of nearly

100% plagioclase (An95.5) with relict grains up to 1.3 mm across. Olivine (Fo69) is the only marie phase.

GEOCHEMISTRY OF THE WESTERN HIGHLANDS PROVINCE

Plutonic rocks of the Western Highlands Province are characterized by high concentrations of incom-

patible trace elements compared to their eastern counterparts. This characteristic applies to the only FAN clast

analyzed to date, as well as to rocks of the magnesian and alkali suites [6]. Despite the fact that whole rock

analyses of Apollo 14 plutonic rocks are very sensitive to accessory mineral contents due to the small size of

most analyzed samples (< 100 rag), the observed enrichment of incompatible elements in these rocks appears

to reflect a fundamental geochemical characteristic of the Western Highlands Province, and is not a spurious

effect of sampling problems.
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Troctolites, anorthosites, and dunites of the magnesian suite are characterized by a wide range in REE

concentrations, with La ranging from 15x to 700x chondrite (figure 2). The highest REE concentrations are

found in magnesian anorthosites that contain abundant whitlockite [7,19]. More realistic estimates of crustal

composition may be obtained from rocks with the lowest REE contents, but even these are much more en-

riched than comparable Mg-suite rocks from the east. In addition, parent magma REE concentrations of 3000x

(for La) to 1500x (for Lu) chondrite are implied by whitlockite/liquid partition coefficients and the high REE

concentrations found in the accessory whitlockite [7,19]. The calculated parent magma REE concentrations are

about 10x KREEP --- far to high to have precipitated the observed primitive mineral compositions [7,9,19].

Lindstrom and others [7,19] suggest that the whitlockites may not be in equilibrium with the Mg-suite parent

magma. They envisage formation of the phosphates after crystallization from metasomatic fluids which pene-

trate the rock from below. The source of this fluid and its physical nature (aqueous ? magmatic ?) is not yet
resolved.

Rocks of the alkali anorthositc suite are characterized by a similar wide range in REE concentrations,

with La from 35x to 600x chondrite (figure 3). As noted in the Mg-suite plutonic rocks, the highest incompati-

ble element concentrations seem to occur in samples with high modal whitlockite and apatite (e.g., [10]). REE

concentrations in accessory Ca-phosphate phases are similar to those observed in the Mg-suite rocks -- about

10,000x chondrite. Again, the parent magma composition implied by these concentrations is unrealistically high.

In addition, major element compositions of the mincrals in the alkali suite are much more evolved than miner-

als in the Mg-suite rocks, but their accessory phases have nearly identical trace clement contents. Clearly, there

is no simple explanation to this apparent paradox.

Chemical differences between rocks of the Western Highlands Province and nonmare plutonic rocks

from the cast are clearly illustrated by a plot of Sm (an incompatible MREE) and Eu (an MREE which is

compatible with plagioclase under the reducing conditions found on the moon). Figure 4 shows data for fer-

roan anorthosites, eastern Mg-suite rocks, western Mg-suite rocks, and western alkalic rocks. Ferroan anorth-

osites and eastern Mg-suite rocks are characterized by low concentrations of Eu (.5 to 1.0 ppm) and a wide

range of Sm concentrations, with Sm in FAN < 0.3 ppm and Sm in the eastern Mg-suite rocks > 0.5 ppm

(figure 4). Western Mg-suite rocks have a range in Sm similar to the eastern troctolites (from 2 to 100 ppm

Sm) but are enriched in Eu relative to the eastern rocks. Alkali anorthosites are even richer in Eu, with 2 to 10

ppm Eu in rocks with the same Sm content as the Magnesian suite.

t21

ORIGIN OF TIlE WESTERN HIGHLAND PROVINCE

Thc high Sm concentrations which characterize plutonic rocks of the Western Highland Province also

result in low Ti/Sm and Sc/Sm ratios [1]. These ratios are sub-chondritic, as in KREEP, and suggest derivation

of western plutonic suites from an evolved crustal or upper mantle source. Alternatively, these low ratios may

reflect the assimilation of residual urKREEP by magmas parental to Mg-suite rocks (e.g., [20]). However, if

the incompatible element-rich magnesian suite troctolltes, anorthosltes, and dunites of Apollo 14 crystallized

from Mg-rich magmas that were severely contaminated with urKREEP [20], where did the alkali suite magmas
come from ??

Several scenarios can be envisioned for the origin of the western magnesian and alkali suite highland

rocks. All of these models have certain attractive features, but none are entirely consistent with what we cur-

rently know about the western highland suite. Some possibilities include:

(l) Thc Mg-suite and alkali suites represent distinct parent magmas, derived from different parts of the

lunar mantle, each of which assimilated variable amounts of urKREEP prior to crystallization. This

model begs the question of ultimate source, and does not address why there are two distinct parent

magmas. It d_cs seem consistent with the gap between the alkali suite and troctolites of the Mg-suite,

and with the steep apparent fractionatlon trends sccn in the magnesian troctolite association and in the

alkali suite (figure 1). This steep trend in the alkali suite is accentuated by the recent discoveries of

primitivc olivine noritcs with typical alkalic plagioclase compositions.
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The alkali suite represents Mg-suite magma which has evolvcd by AFC processes; its high alkali and
trace element contents are attributcd to relatively large fractions of assimilation. This model has the

advantage of one parent magma, and seems in general consistent with the overall trend of the Mg-suite

in figure 1. It does not explain, however, why both suites have the same range in trace element concen-

trations, or why the alkali suite has higher Eu concentrations than either the Mg-suite or KREEP --

fractional crystallization of plagioclase and KREEP assimilation should both act to lower Eu in a resid-

ual magma derived from the Mg-suite. It is also puzzling why there are so few Mg-suite norites in-

termediate to the alkalic rocks and the Mg-troctolites (figure 1). If variable contamination of a single

magma was operative, a continuous trend in compositions would be expected.

(3) The alkali suite represents cumulate rocks which crystallized from a KREEP parent magma. This

magma was assimilated by Mg-suite parent magmas before they crystallized, or penetrated already

crystallized Mg-suite plutons to enrich them metasomatically. It is not clear if the alkali suite cumulate

rocks are consistent with this origin, but it does offer an attractive explanation to the contrasts in major

and trace element compositions observed between the two suites.

The origin of the evolved lithologies cannot be established with any certainty [15,16,17,27]. Lunar granites are

characterized by V-shaped REE patterns with LREE and HREE concentrations 100-200 times chondrite,

MREE 10(3 times chondrite, and significant negative Eu anomalies [15,16,17]. Dickinson and Hess [29] have

shown that lunar granites cannot form from KREEP parent magmas because overall REE concentrations are

too low in the granites, and because KREEP has a steep negative HREE slope, while granites have a shallow

positive slope. Other potential parent magmas include mare basalt, the alkali suite parent magma, and the Mg-

suite parent magma [15,16,17,30,31]. The V-shaped REE patterns have been attributed to apatite fractionation

[17], but fractional crystallization alone cannot create the observed major and trace element characteristics. In

particular, the high K/La ratios of lunar granites seem to require silicate liquid immiscibility at some point in

the fractionation history [15,16,17,27,30,31].

WItERE DO WE GO FROM HERE ?

Despite the tremendous increase since 1980 in geochemical and petrologic data on the Western High-

lands Province, there are still large gaps in our understanding of how the western crust formed, and why it is
different from the eastern crust. Since much of this uncertainty revolves around KREEP, a major priority

should be detailed studies which focus on the origin of KREEP, its geochemistry, and its phase relations. In

addition, age data is virtually nonexistent on highland lithologies at Apollo 14. Age data are critical to under-

standing how the alkali suite and Mg-suite rocks are related to one another, and to the aluminous mare basalts

which are common at this site (e.g., [21,22,23]. The Apollo 14 aluminous marc basalts range in age from 3.75 to

4.3 Ga -- the same age inferred for many highland crustal rocks [24,25,26]. The relationship between this early
mare volcanism and crust forming-processes needs to be thoroughly explored. In addition to these efforts,

more data are needed on the variety of highland rock types present at the Apollo 14 site, with special emphasis

on integrating whole rock chemistry with phase chemistry (e.g., [19]). The question of possible metasomatism
must be addressed, including the specific transport mechanism and the source of the metasomatic fluid.

The unique nature of the highland suite at Apollo 14 provides an exciting opportunity to investigate

variations in the lunar crust which formed during the earliest stages of lunar differentiation and perhaps earlier,

during accretion. Understanding the origin of these primordial variations in the lunar crust will increase our

understanding of how planetary crusts form and evolve, and should give us important insights into the early
evolution of the Earth as well.
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WHOLE ROCK MA/OR ELEMENT CHEMISTRY OF K/LEEP BASALT CLASTS Eq LUNAR

BRECCIA 15205: IMPLICATIONS FOR THE PETROGENESIS OF VOLCANIC K_R.EEP BASALTS. "

Scott K. Vetter, Department of Geology, Centenary College, Shreveport,LA, 71104 and John W. Shervais,

Department of Geological Science, University of South Carolina, Columbia, SC, 29208 .....

IG_EEP basalts are a major component of soils and regolith at the Apollo 15 site. Their origin is controversial: ,

both endogenous (volcanic) and exogenous (impact melt) processes have been proposed, but it is now genemUy
agreed that KREEP hasalts are volcanic rocks derived from the nearby Apemaine Bench formation [ 1-5]. Be- "

cause most pristine KREEP basalts are found only as small clasts ha polymict lunar breecias, reliable chemical :
data are scarce [5-8]. The primary aim of this study is to characterize the range in chemical composition of pris-

tine KREEP basalt, and to use these data to decipher the petrogenesis of these unique volcanic rocks.

Lunar breccia 15205 is a polymict regolith breccia that consists of approximately 20_ KREEP basalt ¢Iasts and

20 _ quartz-normative basalt clasts in a KREEP-rich matrix [9]. The clasts range up to 1 cm in size, but most
are considerably smaller. Seventeen fragments of pristine KREEP basalt were extracted from the remaining

large subsamples of 15205, however, due to their small size (< 5ram), only 13 were large enough for whole
rock analysis. These clasts were analyzed for trace element geochemistry by INAA [7]. After the irradiated

samples were cool enough to ship, they were transferred to the University of South Carolina for famed bead elec-
tron microprobe analysis (EMPA). The samples were removed from their silica glass tubes, powdered, and
fused in Mo foil boats prior to analysis for 12 major and minor elements on a Cameca SX-50 electron micro-

probe. Eight clasts (including 3 too small for whole rock analysis) were prepared as polished probe mounts for

petrographic examination and miaeraI analysis.

PETROGRAPEY AND MINERAL CI-_MISTRY: 15205 KREEP basalt clasts am characterized petrographi-

eally by 45-50 vol 9_ plagioclase, 40-50 vol W pyroxene, and mesostasis. Most are medium to coarse-grained
basalts with textures grading from ophitic or subophitic to intersertial within the same rock. The irregularly
distributed mesostasis consists of K-rich glass, K-feldspar, silica, Ca-phosphate, and ilmenite. ]lmenite occurs as

discrete slender grains between the coarser silicate phases; other mesostasis phases form granular patches•

Plagioclase ranges in composition from An78 to ArtS8. l:b,roxene have pale tan magnesian pigeonite cor-..s (Ea76
Wo4 to En67 Wo5) with rims of greenish fertoan pigeonite or augite pyroxene (En42 Wo15 - En.33 Wo39). One

clast has a time-grained, variolitic texture consisting of quenched pyroxene (En69 Wo5 - Eu49 Wo25) with an

opaque glass and ilmenite between the varioles.

WHOLE ROCK GEOCHEMISTRY: The major element data presented here show that K_R_EP basalt clasts

from 15205 span a limited range in composition compared to earlier studies [e.g, Irving, I], but are essentially
identical in compositional range to the KREEP basalts analyzed by Ryder [6]. Calculated Mg#'s range from 53

to 66 (MgO = 6.4 to 11.3 wtS_) (Table 1). SiO 2, TiO 2, K 2, and P2Os all increase with d_ing MgO, where-

as FeO, CaO, and A1203 show little or no change throughout the range of MgO contents (Figure 1). Based on
these relationships, a parent liquid can be postulated similar in composition to 15205 ,140 from which the other

samples may be derived by fractional crystallization (sample ,158 is more primitive, but appears not to represent

a liquid composition). Deviations from pure fractional crystallization trends may be caused by non-rt, pre_ntative
sampling of the small, coarse-grained clasts [e.g., 7]. This view is supported by the trace element data [7],
which show little or no correlation with major element fractionat'ion indices. Lindstrom et al. [7] have suggested
that the observed scattering in trace elements concentrations could result from small variations in mesostasis

distribution, and that all of these samples may come from a single flow• This interpreatation (dervied from a

single lava flow) is at odds with the observed major element variations, which are similar to those seen m tern.s-

trial magma suites.

DISCUSSION: Fractional crystallization models can be tested using least squares mixing models with an as-

sumed or calculated parent magma composition and observed or hypothetical liquidus phases. Calculations take

the form parent = daughter + liquidus phases, and reasonable solutions are assumed to have squared residual
sums < 1.0. Calculations using ,140 as the assumed parent magma and the observed liquidus phases (Opx,

Plag) fail to obtain good fits (r2 = 3). Good fits are obtained when olivine is added to the fractionating assem-
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blage (r 2 = 0.7 to 0.9), with 72% total fractionation required to obtain the most evolved compositions (38 %

plag, 27 % opx, 7 % olivine). Plagioclase dominates the fractionating assemblage, in keeping with the high

alumina content of KREEP basalts. A problem with these solutions is that olivine in not observed as phenocrysts

in KREEP basalts, nor do they appear to be olivine saturated in a silica--olivine-plagioclase ternary plot [e.g., 5].

The lack of modal olivine may be due to resorption of early formed olivine during slow cooling.

CONCLUSIONS: KREEP basalt clasts from breccia 15205 appear to represent a fractionation series related to a

common parent magma. The range in major element compositions is too large to form by non-representative

sampling of a single flow, but the lack of correlation between major elements and trace elements suggests that

mesostasis distribution in these coarse-grained samples does not represent magmatic compositions.
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Figure 1. MgO-variation diagrams for KREEP basalt clasts from lunar breccia 15205.

REFERENCES: [1] Irving (1977) PLSC 8th, 2433. [2] Spudis and Hawke (1986) LPI Tech. Rpt. 86-03, 105. [3]

Dymek (1986) LPI Tech. Rpt. 86-03, 52. [4] Ryder (1987) PLSC 17th, E331. [5] Ryder (1989) LPSC XX, 936.

[6] Shervais and Vetter (1989) LPSC XX, 1000. [7] Lindstrom et al. (1989) LPSC XX, 578. [8] Ryder (1988)

LPSC XIX, 1011. [9] Dymek et al. (1974) PLPSC 5th, 235-260. [10] Shervais et al. (1990) PLPSC 20th, 109-
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MAJOR ELEMENT CHEMISTRY OF APOLLO 14 MARE BASALT CLASTS AND HIGHLAND

PLUTONIC CLASTS FROM LUNAR BRECCIA 14321: COMPARISON WITH NEUTRON ACTIVATION

RESULTS. SHERVAIS, John W., Department ofGeological Sciences, Universityof South Carolina,

Columbia SC 29208 and VETTER, Scott IL, Department of Gedogy and Geography, Centenary College,
Shreveport, LA 71104.

Studies of lithic components in lunar breccias have documented a wide variety of rock types and magma
suites which are not found among large, discrete lunar samples. Rock types found exclusively or
dominantly as clasts in breccias include KREEP basaJts [1,2], VHK mare basalts [3,4], high-alumina mare
basalts [5,6], olMne vitrophyres [7], alkali anorthosites [8-10], and magnesian anorthosites and troctolites

[8-12]. These miniature samples are crucial in petrogenetic studies of ancient mare basalts and the

highlands crust of the western nearside, both of which have been battered by basin-forming impacts and
no longer exist as distinct rock units [13].

Despite the Importance of these cJasts for petro(jenetic models of mare basalt and highland evolution,
many have not been analyzed for major element chemistry because of their small size. As a result,

systematic chemical data are not available for most samples, which have only been studied by
instrumental neutron activation analysis (INAA). Activation analysis has the advantage of producing

excellent data for a large number of trace elements (including REE) and a few major elements (FeO,
A]203, Na20) from small analytical samples. The primary disadvantage of INAA is that several important
major elements cannot be analyzed accurately (MgO, rio 2 K20), and SiO:> cannot be determined at all
Several of these major elements produce short-lived isotopes which re-quire special irradiation anct
counting techniques (A/20.3: MgO, TiO2); as a result, these are not determined routinely. When these

_ements_arede_rrn!n._,.itLIs customar/to cal.culate ."SiO2" by difference, assuming the major elements

...... _, ,w iJ_,Gu,,_uy welgn[. As a resulT, aunrTes and troctolites may have calculated SiO 2 as low as 34-
36 wt%, despite the fact that they consist of Fo88 olivine and An94 plagioclase [12]. These problems may
be overcome by using fused bead electron microprobe analysis for major elements in conjunction with

INAA for trace elements and selected major elements [e.g., 8-11]. Fused bead EMP analysis produces

results comparable in quality to X-ray fluorescence analysis when basaltic samples are analyzed lB.
Schuraytz, pers. comm., 1990], and can be applied to samples as small a 10 milligrams. Since INAA

samples generally range from 10 to 100 rng in mass, both techniques can be applied to tF,e same sample,

either by splitting a homogenized powder, or by serial analysis (1NAA followed by fused bead EMPA).

We present here fused bead EMPA major element data for mare and highland ciasts found in lunar breccia

14321. These clasts have already been analyzed for trace elements and se4ected major elements by INAA
[5,7,12]. This data set represents the first complete major element for these samples, which we compare
to the INAA major element results.

ANALYTICAL TECHNIQUES: A total of 20 clasts from breccia 14321 were studied here by fused bead

EMPA. These clasts include 11 mare basalts [5], 3 olivine vitrophyres [7], 3 Mg-troctolites [12], 2 Mg-
anorthosites [12], and one dunite [12]. All samples were powdered by hand In an agate mortar prior to
fusion in a dry nitrogen atmosphere [14]. The powders were fused in molybdenum foil boats, and the

fused samples analyzed for 12 elements on a Cameca SX-50 EMP at the University of South Carolina.

Standards included a natural basaltic glass similar in composition to lunar Iow-Ti mare basalts (VG2; SiO2,
Na20, CaO, TiO2, FeO), plagloctase (Al203), microdine (t(,20), [Imenite (MnO), fused MgO, chromite,
apatite (P205), and molybdenum metal (to monitor dissdution of Mo into the fused gJass). The basaltic
glass standard VG2 was analyzed periodically to monitor analytical drift; results for all elements were
generally within 1% of the accepted values.

RESULTS: Our fused bead EMPA results are shown in figure I compared to the published INAA results.

All of the INAA data were produced in one lab by the same analyst (Dr. M.M. Undstrom at Washington
University), so there is no interlaboratory bias in either data set. Silica in the INAA data set was calculated
by difference for "complete" analyses.
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Differences between the two data sets are generally smallest for those elements which can be measured

accurately by INAA: A!203' FeO, MnO, Na20, and CaO (figure 1). Fused bead EMPA for Na20 are
systematically 5-10% lower than the INAA results, suggesting that Na was mobilized under the electron

beam. INAA results for TiO 2 and MgO are systematically too high by 15% to 20% on average, while K_O
and SiO 2 show significant scatter to both high and low values. Cr20 3 values correspond well for the me-re
basalts, but show significant differences in the highland samples.

CONCLUS/ONS: Fused bead EMPA provides superior analytical results for the major elements SiO 2,
TiO 2, MgO, and 1<20 on small samples extracted from lunar brecclas. This method can be applied to
samples which have been Irradiated for INAA and compliments the data obtained by INAA. Fused bead

EMPA eliminates the need for "rabbit runs', which are used primarily to obtain data for the major elements
AI, Mg, and TL These data will allow us to refine petrogenetic models for 14321 mare basalts and highland
rocks, and expand the range of clast sizes from which complete geochemical data may be obtained.
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Figure 1. Fused bead EMPA of lithic ctasts from lunar breccia 14321, compared to INAA results on the

same samples [5,7,12]. Solid symbols = highland plutonics and melt rocks; open symbols = hlgh-Al
mare basalts. Correlations are good for AI, Ca, Fe, and Na, but poor for other elements.

REFERENCES: [1] Ryder, G. (1988) LPS XIX, 1011-1012; Ryder, G. (1989) LPSC XX, 936-937. [2] Shervals,

J.W. and Vetter, S.K. (1989) LP$ XX, 1000-1001. [3] Shervais J.W., el al., (1985b) J. Geophys. Res., 90,
D3-D18. [4] Neal C.R., et al., (1988a) PLPSC 18th, 121-137. [5] Shervais J.W., et al., (1985a) J. Geophys.

Res., 90, C375-C395. [6] Dickinson, T., el el., (1985) J. Geophys. Res., 90, C365-C374. [7] Shervais, J.W.,
eta]., (1988) PLPSC 18th, 45-58. [8] Warren, P.H., eta]., (1983a) PLPSC 13th, J. Geophys. Res. Supl., 88,
A615-A630. [9] Warren, P.H., et al., (1983b) PLPSC 14th, J. Geophys. Res. Supl., 88, A615-A630. [10]
Shervals, J.W., et al., (1984b) PLPSC 15th, J. Geophys. Res. Supl., 89, C25-C40. [11] Warren, P.H., et al.,

(1986) PLPSC 16th, J. Geophys. Res. Supl., 91, D319-D330. [12] Undstrom, M.M., et al., (1984) PLPSC
15th, J. Geophys. Res. Supl, 89, C41-C.,49. [13] Shervals, J.W. (1989) in Taylor, G.J. and Warren, P.H.,

eds., Workshop on Moon in Transition: Apollo 14, KREEP, and Evolved Lunar Rocks, LPI Tech. Report 89-
03, 118-127. [14] Shervals, J.W., et al., (1990) PLPSC 20th, 109-126.
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TRAPPED LIQUID. SItERVAIS, John W., Department of Geological Sciences,

University of South Carolina, Columbia SC 29208 and VETrER, Scott K., Department of

Geology and Geography, Centem'tial College, Shreveport, LA 71134.
=

The discovery of REE-rich phosphates (dominantly whitlockite) in pristine, non-

mare rocks of the western lunar nearside (Apollo 14, Apollo 12, and most recently, Apollo

17) has created a paradox for lunar petrologists. These phases are found in feldspar-rich

cumulates of both the Mg-suite and the Alkali suite, which differ significantly in their

mineral chemistries and major element compositions [1-7]. Despite the differences in host

rock compositions, whitlockites in both suites have similar compositions, with LREE

concentrations around 21,000 to 37,000 x chondrite [1-5]. Simple modeling of possible

parent magma compositions using the experimental whitlockite/liquid partition

coefficients of Dickinson and Hess [8] show that these REE concentrations are too high to

form from normal lunar magmas, even those characterized as 5xrKREEF' [1-5].

These phosphates pose two separate problems: how to account for KILEEPy trace

element characteristics in primitive rocks of the Mg-suite (plagioclase An94) [3,4], and
how to account for the occurrence of whitlockites with similar compositions in more

evolved rocks of the alkali suite (plagioclase An82) [1-7]. Proposals which focus on the

effects of KREEP assimilation by the parent magmas can explain the presence of

IGLEEPy trace element patterns in both primitive Mg-suite rocks and evolved Alkali suite

rocks, but they cannot resolve the "concentration problem" [1-4,7]. Similarly, previous

proposals for the influx of an REE-rich metasomatic fluid have failed to address the

question of how this fluid is derived, and where it comes from [2-4,7]. In contrast, Neal

and others [5,6] have recently proposed that metasomatism of western highland cumulates

occurs by the process of "REEP-frac metasomatlsm', where their hypothetical REEP-frac

component forms by silicate liquid immiscibility fractionation of an urK.REEP parent

magma. This urKREEP represents extreme magma ocean fractionation, and the REEP-

frac component is considered to enter the highland cumulates after crystallization is

complete [5,6].

We present here an alternative hypothesis, which we proposed orally at the LPSC

XXI, whereby REE-rich whitlockites in both suites form through a process of auto-

metasomatism. By this we refer to metasomatic fluids derived from closed system

fl'actionation of KtLEEPy trapped liquids which are mobiliTed along grain boundaries and

fractures shortly before complete crystallization and thermal equilibration of the

CUmulates. The occurrence of KREEPy trapped liquids in both suites is attributed to
assimilation of KREEPy waU rocks or mixing with a KtLEEP-rich residual magma [1-4,7].

Alternatively, the Alkali suite cumulates may have formed from a KREEP parent magma
ITl.

Petrographic evidence for metasornatic origin: Whitlocldtes of the Mg-suite occur most

cOmmonly as subequant interstitial gains in anorthosites, troctolites, or norites [3-5]. In

the magnesian anorthosite 14321,1211/1273 [3,4], whitlockite occurs in a zone of

recrystallized plagioclase w/th a polygonal-mosaic texture which cuts across large, finely

twinned plagioclase primocrysts. In the Alkali suite, whitlockites occur both interstitially
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[1,9] and, rarely, as inclusions in plagioclase p.rimocrysts [2]. The whitlocldte inclusion in
14305,400 was originally interpreted to requn'e a parent magma saturated in phosphate
early in its crystallization history [2]. A closer examination, however, shows that this
inclusion occurs along a healed fracture in the plagioclase primocryst, as shown by the
offset in twin lamellae. Thus, the evidence seems to suggest that whiflocldte formed late

in the crystallization history of the rocks (unsurprisingly), and possibly after initial
crystallization was more-or-less complete. While the petrographic data do not confirm a
metasomatic origin for the whiflockite, they are compatible with such an interpretation.

Whitlocldte saturation and REE enrichment factor:s: Dickinson and Hess [8] show that

whiflocldte saturation varies with P205 concentration, SiO 2, and temperature. They show
that, in basaltic rocks, whitlocldte sa_ration requires around 4.5 wt% P205; at slightly

higher silica contents and lower temperatures which may be appropriate for KREEP,
Warren et al [1] estimate whitlockite saturation at about 3.2 wt% P205 . These saturation

levels are 4x to 6x higher than estimated for high-K KREEP [9]. TNs-would require 75%
to 85% closed system fractionation of a KREEPy trapped liquid component. By
comparison, Neal and others [5] calculate that the liquid from which these whitlockites
crystallized was 4x to 10x more enriched in REEthan typical KREEP compositions. Since

bulk partition coefficients for the REE are probably < < 0.1 before whitlocldte saturation,
this would require 75% to 90% closed system fractionation - about the same enrichment
required for whitlockite saturation. Thus, it appears that the similarity of whitlockite
compositions in Mg-suite and alkali suite cumulates is a function of the similar enrichment

factors for P205 and REE, assuming a trapped liquid component with KREEPy trace
element ratios. Differences in P205 and REE concentrations in the respective trapped
liquids (i.e., dilute KREEP vs concentrated KREEP) contro] only the amount of closed
system fractionation required. This may explain the more common occurrence of
whitlocldte in alkali suite cumulates relative to Mg-suite rocks.

N

Auto-metasomatisrn and heterogeneous phase distribution: An important aspect of this
model is that mobilization of the metasomatic fluids leads to a heterogeneous distribution

of accessory phases which control incompatible trace element concentrations. Analysis of
small, non-representative samples leads to trace element concentrations and ratios which
are not representative of the initial magma or of simple closed system crystallization.

Depending on the length scale of metasomatism, the average sample size required to
recapture the trace element systematics of the magma system could be quite large. The
fact that many whole rock samples of pristine highland cumulates do retain relatively

consistent trace element systematics suggests that this process, while important locally,
does not control the trace element geochemistry of the highlands.

References: [1] Warren et al, 1983, PLPSC 14 inJGR 88, B151-B164. [2] Shervais et al,
1984, PLPSC 15 inJGR 89, C25-40. [3] Lindstrom et al, 1984, PLPSC 15 inJGR 89, C41-
49. [4] Li.udstrom et al., 1985, LPS XV/, 493-494. [5] Neal et al, 1990, LPS XX/, 863-864. [6]
Neal & Taylor, 1990, LPS XX/, 851-852. [7] Shervais, 1989, LPI Tech. Report 89-03, Lunar

and Planetary Institute, Houston, 118-127. [8] Dickinson & Hess, 1982, LPS XIII, 172-173.
[9] Warren, 1988, LPI Tech. Report 89-03, Lunar and Planetary Institute, Houston.
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POLYTOPIC VECTOR ANALYSTS IN IGNEOUS PETROLOGY: APPLICATION

TO LUNAR PETROGENESIS; SHERVAIS, J.W. and EHRLICH, R., Department of

Geological Sciences, University of South Carolina, Columbia, SC 29208.

Iamar samples represent a heterogeneous assemblage of rocks with complex inter-
relationships that are dlf_cult to decipher using standard petrogenedc approaches. These :

inter-reIationships reflect several distinct petrogenetic trends as well as thermo-
mechanical mixing of distinct components. Additional complications arise from the
unequal quality of chemical analyses and from the fact that many samples (e.g., breccia
clasts) are too small to be representative of the system from which they derived.

Polytopic vector analysis (PVA) is a multi-variate procedure used as a tool for
exploratory data analysis [1-3]. PVA allows the analyst to classify samples and clarifies

relationships among heterogenous samples with complex petrogenetic histories. It differs
from orthogonal factor analysis in that it uses non-orthogonal multivariate sample vectors
to extract sample endmember compositions. The output from a Q-mode (sample based )
factor analysis is the initial step in PVA. The Q-mode analysis, using criteria established by
Miesch [4] and Klovan and Miesch [5], is used to determine the number of endmembers in
the data system. The second step involves determination of endmembers and mixing

proportions with all output expressed in the same geochemical variable as the input. The
composition of endmembers is derived by analysis of the variability of the data set.

End.members need not be present in the data set, nor is it necessary for their composition
to be known a priori. A set of any end.members defines a "polytope" or classification _ gure
(trianNe for a three component system, tetrahedron for a four component system, a five-

tope" in four dimensions for five component system, et cetera).
= •

Given the dimensionality of the polytope from the Q-mode analysis, the polytope is
derived by an iterative process. These procedures are basically exercises in Euclidian
geometry. The initial polytope is defined as ekher the vertices of the K most mutually

extreme samples or as k points within the data cloud roughly parallel to the shape of the
data cloud. Points lying outside the initial polytope are reported as having negative mixing

proportions for one or more endmembers. If this occurs, the polytope iterafively expands
and rotates until convergence occurs or the maximum number of iterations is reached. A
solution is not guaranteed - and sometimes solutions may diverge.

Inspection of the results for intermediate iterations identifies those samples which
are difficult to accommodate within a polytope. Often, the re_ons for this are readily

apparent in that a subset mi_t represent a distinct subpopulation totally unrelated to the
rest of the samples or a subpopulation with extreme geochemical values due to small
sample size or analytical error. Discrete subsets can also be detected by the fact that they
contain endmembers which are un-needed in the other samples. Such evaluation permits
breaking the data into subsets for further analysis. Endmembers variability within a subset
Often reflects degree of fracdonadon and assimilation. If major, minor, and trace elements

are included in the analysis, the composition of endmembers describes the partitioning of
trace elements with respect to majors and minors.

"2
Analysis of two lunar sample data sets (mare, highland) illustrate the manner in

which PVA allows classification and analysis of such heterogeneous data.
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POLYTOPIC VECTOR ANALYSIS OF LUNAR SAMPLES, J.W. SHERVAIS AND R.

Pristine Highland Cumulates from Western Nearside: Our analysis of cumulate plutoaic

rocks focused on breccia clasts from the Apollo 14 and Apollo 12 sites [7-10]. The sample

set consisted of 31 samples containing 21 chemical elements. A.l] but six samples are

related to the Mg-suite (mostly troctolites with a few norites and peridotites); the last six
were alkali suite anorthosites and norites. The initial Q-mode analysis indicated that a

five endmember solution was best, but that Si and Ba were poorly recovered by back.

calculation from that solution. This reflects the fact that these elements are poorly

determined analytically; in fact, silica was typically derived by difference from INAj_

analyses. The Q-mode analysis also indicated that a small subset of samples (primarily

alkali anorthosites) would be slightly biased by a five-EM solution. The five EMs

represent approximate compositions of olivine (dunite), olivine-pyroxene mix, Anl00

plagioclase with abundant trace elements, A.ul00 plagioclase with few trace elements, and

An86 plagioclase with moderate trace elements. Ultramafic samples commonly fell

Outside the polytope (large negative mixing proportions). Most Mg-suite samples are

characterized by roughly 2:1 ratios of Am100 plagioclase to A.n86 plagioclase EMs

producing A.a95 compositions, with variable amounts of the "dunite" EM to make

troctolite. The alkali suite samples are dominated by the An86 plagioclase EM, with small

contn'butions from the trace element-rich "pyroxene" EM. Using just the major elements

alone, only a three EM solution can be obtained and was petrologically viable bu,,

uninteresting.

LunarMare Basalts: When all mare basalts are considered as a class (121 samples with 22

chemical elements), Q-mode analysis of variance suggests that a five EM solution is

required. Two of these EMs represent basaltic compositions which bracket mare basalt

compositions, Two represent fictive extracts (armalcolite, plagioclase, olivine

combinations), and one represents a KtLEEP-rich ferrobasalt. Thus, our preliminar)

results suggest that the KREEP component in mare basalts is an Fe-rich ferrobasah wi:h

very low MgO that is fractionated with respect to pristine KREEP 15386. Further work is

in progress to determine relations among primitive basalt compositions to constrain
mantle source variations.

[1] Full et al, 1981, J. Math. GeoL, 13, 331-344. [2] Full et a.1, 1982, ].. Math. Geol, 14, 259-

270. [3] Ehrlich and Full, 1987, in Use and Abuse of Statistical methods in the Earth

Sciences, W.B. Size (ed), Oxford U. Press, 33-46. [4] Miesch, 1976, USGS Prof. Paper 574.

G, 47 pp..[5] Klovan and Miesch, 1976, Comp. Geosci., 1, 161-178. [6] Klovan and Imbrie,

1971, Z Inter. Assoc. Math. GeoL, 3, 61-78. [7] Warren et al, 1983, PLPSC 14 inJGR 88,

B151-B164. [8] Shervais et al, 1984, PLPSC 15 inJGR 89, C25-40. [9] Lindstrom et al,
1984, PLPSC 15 in JGR 89, C41-49. [10] Shervais, 1989, LPI Tech. Report 89-03, Lunar znd

Planetary Institute, Houston, 118-127. [11] Sherva,:s and Vetter, 1990, LSC XXI, 1142-
1143.
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THE WESTERN HIGHLAND PROVINCE AT THE APOLLO 14 SITE /? _,_

John W. SHERVAIS, Department ofGeological Sciences, Universityof South Carolina, /I

Columbia SC 29208 L_ /

Recent petrologic studies of pristine nonmare samples from the Apoll:, 14 site have demonstrated the
unique character of the western highlands crust. Many of the lithologies which occur here are not found

at other highland sites or represent unique variations of more common lithologies. Rare highland samples
found at the Apollo 12 site have petrologic and geochemical affinities with the Apollo 14 highland suite and
the two sites taken together constitute what can be called the Western Highland Province. Rocks of the
Western Highland Province are geochemically distinct from similar lithologies found at eastern highland
sites (Apollo 15, Apollo 16, Apollo 17, and the Luna sites)--a fact which adds further complications to
current petrogenetic models for the lunar crust. Nonetheless, an understanding of how the Western
Highlands Province formed and why it differs from highland crust in the east is crucial to our overall :
understanding of primordial lunar differentiation and petrogenesis (e.g., [1-3]).

MAGNESIAN SUITE: The Magnesian suite consists of two distinct groups, the olivine-bearing magnesian
troctoJite association (which includes troctolite, anorthosite, dunite, and pyroxene-bearing troctolites) and
the less abundant magnesian norite association (which includes norites, olivine norites, gabbronorites,

and ilmenite gabrros/norites). The magnesian troctolite association Includes a variety of olivine-bearing
rocks; troctolite is the most common lithology, but troctolitic anorthosites and anorthosites are also
widespread [1-9]. Mafic compositions are ;are: only two dunites and a few small mafic tractolites have
been found, as well as two pyroxene-rich troctolites have been found. The magnesian norite association
contains a diverse assemblage of rocks referred to as ilmenite gabbros, ilmenite norites, and gabbronor-
ires. Only four clasts have been described so far that can be considered unequivocal part of the Mg-suite.
Other gabbronorite clasts have mineral compositions that plot below the Mg-suite field on an An-Mg#
diagram (figure 1), in the same region where Apollo 14 mqre basalts plot [7,8,10].

ALKAU SUITE: The Alkali suite was first recognized by Warren and Wasson [1] and subsequent studies
established it as the second most common highland rock association at the Apollo 14 site. This suite was
once thought to be unique to the Western Highlands Province, but similar alkali gabbronorites are now
known from the Apollo 16 site. The most common lithologies are anorthosite (7 clasts) and norite or
gabbronorite (6 clasts). Two olivine norites have been found; these may represent primitive cumulates
from the alkali suite parent magma [1,4,8,9,10].

EVOLVED UTHOLOGIES: The most common evolved lithology at Apollo 14 is a granophyric intergrowth
of quartz and alkali feldspar commonly referred to as "lunar granite'. Accessory minerals include pigeo-
nite, augite, ferroaugite, fayalite, ilmenite, zircon, and Ca-phosphates. Variations in mineral assemblages
and in mineral composition (e.g., BaO in alkali feldspars, MG# in mafics) indicate that at least four distinct

parent magmas are involved. Based on the abundance of K, Si-rich glasses in Apollo 14 soils and regolith
breccias, granites are estimated to comprise 0.5% to 2% of the crust here.

FERROAN ANORTHQSlTES: Ferroan anorthosites are rare at the Apollo 14 site. Only one clast of ferroan
anorthosite has been characterized chemically and petrographic.ally.

GEOCHEMISTRY OF THE WESTERN HIGHLANDS PROVINCE: Plutonic rocks of the Western Highlands
Province are characterized by high concentrations of incompatible trace elements compared to their
eastern counterparts [1-10]. Chemical differences between rocks of the Western Highlands Province and
nonmare plutonic rocks from the east are clearly illustrated by Sm and Eu. Ferroan anorthosites and
eastern Mg-suite rocks are characterized by low concentrations of Eu (.5 to 1.0 ppm) and a wide range of
Sm concentrations, with Sm In FAN < 0.3 ppm and Sm in the eastern Mg-suite rocks > 0.5 ppm (figure 4).
Western Mg-suite rocks have a range in Sm similar to the eastern troctolites (Sm = 2 to 100 ppm) but are
enriched in Eu relative to the eastern rocks (Eu= 1-5 ppm). Alkali anorthosites are even richer in Eu (Eu=2
to 10 ppm) tn rocks with the same Sm content as the Magnesian suite.

ORIGIN OF THE WESTERN HIGHLAND PROVINCE: The high Sm concentrations with characterize
plutonic rocks of the Western Highland Province also result in low Ti/Sm and Sc/Sm ratios. These ratios
are sub--chondritic, as in KREEP, and suggest derivation of western plutonic suites from an evolved crustal

or upper mantle source. Alternatively, these low ratios may reflect the assimilation of residual urKREEP by
magmas parental of Mg-suite rocks [9]. However, if the incompatible element-rich magnesian suite trocto-
lites, anorthosites, and dunites of Apollo 14 crystallized from Mg-rich magmas that were severely contami-
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nated with urKREEP, where did the alkali suite magmas come from?? Several scenarios can be envi-
sioned for the origin of the western magnesian and alkali suite highland rocks. All of these models have
certain attractive features, but none are entirely consistent with what we currently know about the western
highland suite. Some possibilities include:

(1) The Mg-suite and alkali suites represent distinct parent magmas, derived from different parts of
the lunar mantle, each of which assimilated variable amounts of urKREEP prior to crystallization. This
model begs the questions of ultimate source, and does not address why there are two distinct parent
magmas. It does seem consistent with the gap between the alkali suite and troctolites of the Mg-sulte,
and with the steep apparent fractionation trends seen in the magnesian troctolite association and in the
alkali suite (figure 1). This steep trend in the alkali suite Is accentuated by the recent discoveries of primi-
tive olivine norites with typical alkalic plagioclase compositions.

(2) The alkali suite represents an Mg-suite magma which has evolved by AFC processes; its high
alkali and trace element contents are attributed to relatively large fractions of assimilation. This model has
the advantage of one parent magma, and seems in general consistent with the overall trend of the Mg-
suite in figure 1. It does not explain, however, why both suites have the same range In trace element
concentrations, or why the alkali suite has higher Eu concentrations that either the Mg-suite or KREEP -
fractional crystallization of plagloclase and KREEP asslmilation should both act to lower Eu tn a residual
magma derived from the Mg-suite. It Is also puzzling why there are so few Mg-suite norites Intermediate
to the alkalic rocks and the Mg-troctolites (figure 1). If variable contamination of a slngle magma was
operative, a continuous trend in compositions would be expected.

(3) The alkali suite represent cumulate rocks which crystallized from a KREEP parent magma. This
magma was assimilated by Mg-suite parent magmas before they crystallized, or penetrated already crys-
tallized Mg-suite plutons to enrich them metasomatically. It is not clear if the alkali suite cumulate rocks
are consistent with this origin, but it does offer an attractive explanation to the contrasts in major and trace
element compositions observed between the two suites.

REFERENCES: [1] Warren and Wasson (1980) Proc. Lunar Planet. Sci. Conf. 11th, pp. 431-470; [2]
Warren et al (1981) Proc. Lunar Planet. Sci. 12B, pp. 21-40; [3] Shervais and Taylor (1986) Origin of the
Moon, 173-202; [4] Hunter and Taylor (1983) Proc, 13th Lunar and Planet. Sci. Conf., JGR Supl., 88, A591-
A602; [5] Warren et al (1983) Proc. Lunar Planet. Sci. Conf. 13th, In JGR 88, A615-A630; [6] Undstrom et
al (1984) Proc. 15th Lunar and Planet. Sci. Conf., JGR Supl. 89, C41-C49; [7] Shervals et al (1983) Proc.
Lunar Planet. Sci. Conf. 14th, in JGR 88, B177-B192; [8] Shervais et al (1984) Proc. Lunar Planet. Scl.
Conf. 15th, In JGR 89, C25-C40; [9] Warren et al (1983) Proc. 14th Lunar and Planet. Scl. Conf., JGR
Supi., 88, A615-A630; [10] Goodrich et a] (1986) Proc. Lunar Planet. Sci. Conf. 16th In JGR 91, D305-D318.
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LUNAR MARE VOLCANISM: MIXING OF DISTINCT, MANTLE SOURCE lREGIONS WITH KREEP-LIKE COt,_,PONENT / "_ _ _/

John W. SHERVAIS and Scott K. VETTER, Department of Geological Sciences, p,-
University of South Carolina, Columbia SC 29208

Mare basalts comprise less than 1% of the lunar crust, but they constitute our primary source of
information on the moon's upper mantle. Compositional variations between mare basalt suites reflect
variations in the mineralogical and geochemical composition of the lunar mantle which formed during =
early lunar differentiation (4.5-4.4 AE). Three broad suites of mare basalt are recognized: very Iow-Ti (VLT)
basalts with TiO2 < 1 wt%, Iow-TI basalts with TiO2 = 2-4 wt%, and high-TI basalts with TiO2 = 10-14 wt%
[1-3]. Important subgroups include the Apollo 12 ilmenite basalts (TiO2 = 5-6 wt%) [4], aluminous Iow-Ti
mare basalts (TiO2 = 2-4 wt%, A]203 = 10-14 wt%) [5-7], and the newly discovered Very High potassium
(VHK) aluminous Iow-Ti basalts, with K20 = 0.4-1.5 wt% [8-10]. The mare basalt source region has
geochemical characteristics complementary to the highlands crust, and Is generally thought to consist of
mafic cumulates from the magma ocean which formed the felslc crust by feldspar flotation. The
progressive enrichment of mare basalts in Fe/Mg, alkalis, and incompatible trace elements in the
sequence VLT basalt -2 Iow-Ti basalt -_, high-Ti basalt is explained by the remelting of mafic cumulates
formed at progessively shallower depth_ in the evolving magma ocean. This model is also consistent with
the observed decrease in compatible element concentrations and the progressive increase in negative Eu
anomalies [11].

Despite the appeal of this simple model there is increasing evidence that more complex scenarios are
required. The hybridization of Fe- and incompatible element-rich late magma ocean cumulates with more
magnesian early magma ocean cumulates seems necessary to explain the major and trace element
compositions of the mare basalt source region: mare basalts are too magnesain to be derived from a
magma ocean cumulate formed after > 95% fractional crystallization, but such high degrees of fractional
crystallization are needed to create the necessary trace element rich source [12, 13]. This hybridization is
gravitationally driven since the late magma ocean cumulates are more Fe-rich and denser than the
underlying magnesian cumulates. Recent hybridization models generally assume three end members:
early magnesian cumulates with low Ti (dominantly olivine + Opx), late Fe,Ti-rich cumulates (Cpx +
ilmenite), and a late magma ocean trapped-liquid component similar to KREEP in composition [13, 14].
These end members are mixed in various proportions to create the range In observed mare basalt
compositions.

Recent studies of the Apollo 14 aluminous mare basalt suite have revealed a wide variety of previously
unknown mare basalt types, many of which seem to require assimilation as an important process in their
petrogenesis [5-10]. Two main components have been identified: KREEP, the incompatible element-rich
mafic component concentrated in soils and impact breccias [5-7], and lunar granites [8-10]. The Apollo
14 aluminous basalt suite is important because it has many compositional characteristics intermediate
between normal, low-alumina mare basatts and high-Ti mare basalts. Apollo 14 high-alumina basalts have
high MG#s (similar to low-A], Iow-Ti basalts), high alkali and incompatible trace element contents (similar
to high-Ti basalts or higher), and compatible trace elements intermediate between high and low Ti basalts
[15]. In a cumulate remelting model, these characteristics suggest a mantle source region which lies
above the normal Iow-Ti basalt source and below the high-Ti basalt source. In addition, Apollo 14 high-A]
basalts are also high in CaO, suggesting either plagioclase assimilation [12] or plagioclase in the source
region.

When data for all mare basalt types (including Apollo 14 aluminous mare basalts and VHK basalts) is
plotted on ratio-ratio or ratio-element plots, two distinct trends are observed (figures 1,2). One trend is
defined by Iow-Ti basalts sensu lato (including VLT, VHK, and high-A], Iow-Ti basalts); the other trend is
defined by the high-Ti basalt suite. Both trends resemble hyperbolic mixing curves [16] whose incompatible
element-rich end points asymptotically towards KREEP. There is little or no overlap between the two
trends, however, and their incompatible element-poor asymptotes point to distinct end-member
compositions. If these curves are considered simple mixing hyperbolas, up to 65% assimilation of KREEP
is indicated. Alternatively, these curves may be due to fractional crystallization, as suggested by
fractionation trends on MG# plots. If so, the trends toward a KREEP-like composition suggest that this
composition may represent an incompatible element-rich end member mixed into the mare basalt source
prior to melting. Fractionation of phase assemblages with bulk distribution coefficients similar to the
refractory mineral assemblage will drive the melt composition towards the KREEP-like mixing component.
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These observations suggest that the compositional variations observed In mare basalts result from a
complex source hybridization process similar to that suggested by Hughes et al [13]. In this scenario a
late stage magma ocean component similar in composition to KREEP sinks into earlier magma ocean
cumulates and the resulting mixture undergoes partial melting to form the mare basalt parent magmas.
These magmas subsequently undergo fractional crystallization to create the observed fractionation trends.
The major difference between our model and previous models such as Hughes et al [13] is that the
KREEPy component mlxes with distinct Iow-Ti and high-Ti mantle source regions, and that there Is no
significant mixing between these two source regions (e.g., figures 1,20). The physical process by which
the KREEP component mlxes with the cumulate mantle rocks Is uncertain; the KREEPy component may
sink as solid b_ocks of crystalline material or as a liquid. For this material to sink, it must have been an Fe-
rich precursor to KREEP and not true "urKREEP", whose density Is lower than that of mare basalt.

REFERENCES: [1] Papike et al (1976) Rev. Geophys. Space Phys. 14, 475-540; [2] BVSP (1981)
Pergamon Press, 951 pp; [3] Head (1976) Rev. Geophys. Space Phys. 14, 265-300; [4] James and Wright
(1972) Geol. Soc. America Bull., 83, 2357-2382; [5] Shervals et al (1985) Proc. 15th Lunar Planet. Sci.
Conf., Jour. Geophys. Res., 90, C375-C395; [6] Dickinson et al (1985) Proc. 15th Lunar Planet. Sci. Conf.,
J.Geophys. Res., 90, C365-C374; [7] Neal et al (1988) Proc. 18th Lunar & Planet. Sci. Conf., 139-1153; [8]
Shervals et al (1985) Proc. 16th Lunar Planet. Scl. Conf., Jour. Geophys. Res., 90, D3-D18; [9] Shih et al
(1986) Proc. 16th Lunar and Planet. Sci. Conf., J. Geophys. Res., 91, D214-D228; [10] Neal et al (1988)
Proc. 18th Lunar Planet. Scl. Conf., 121-137; [11] Taylor & Jakes (1974) Proc. Lunar Sci. Conf. 5th, 1287-
1305; [12] Kesson & Ringwood (1976) Earth Planet. Sci. Lett., 30, 155-163; [13] Hughes et al (1989) Proc.
19th Lunar Planet. Sci. Conf., 175-188; [14] Binder (1985) Proc. 16th Lunar Planet. Sci. Conf., J. Geophys.
Res., 90, D19-D30; [15] Shervals & Taylor (1984) Origin of the Moon, 173-201; [16] Langmuir et al (1978)
Earth Planet. Sci. Lett., 37, 380-390.

Fig. 1. Ti/Sm vs Sm for mare
basalts from all sites. High-Ti
basalts plot along the upper mixing
curve, Iow-Ti basalts along the
lower curve.
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A DYNAMIC MELTING MODEL FOR THE ORIGIN OF APOLLO 15 OLIVINE-NORMATIVE AND / 7 0

QUARTZ-NORMATIVE MARE BASALTS. __

Scott IC VETTER and John W. SHERVAIS, Department of Geological Sciences, University of South
Carolina, Columbia, SC, 29208.

Early studies of mare basalts from the Apollo 15 site established that two distinct groups are represented: the olivine-normative
besalts (ONB) and the quartz-normative basalts (QNB) [1-3]. The ONB and QNB suites are distinguished petrographically by their
phenocryst assemblages (the ONBs are olivine-phyflc, the QNBs are generally pyroxane-phyric) and chemically by their major

element ¢ompoaltions: the QNBs are higher in SiC2 and MgO/FeO, and lower In FeO* and "1iO2 than ONBs with similar MgO
contents. Expedmantal data [2,4-7] show that the QNB suite is derived from a more magnesian, olivine-normative went magma,
a conclusion which is supported by the recent discovery of high-SiC2 olivlne-normative basalt clasts in breccia 15498 [8]. The

high-SiC_ ONBs fall on olivine control lines wi_ primitive QNBs, and least-squares mixing calculations are consistent with the
high-SIC_ ONBs being parental to the more evolved QNB suite [8]. We include these high-SiC20NBs as pert of the "QNB suite" in
this discussion. Our major element modeling results [8] also are consistent with the conclusions of earlier studies [2,3] which
showed that the ONB and QNB suites cannot be related to one another by low pressure crystal fTactlonation. The combination of

high Mg#, high SIO2, and low TiC2 in the QNB suite precludes a relationship to the ONB suite by simple removal of liquidus
minerals (olivine and pigeonite).

: IP

f;

PREVIOUS MODELS: The mare basalt source region has geochemical charactedstics that are complementary to the highlands
c_ust, and it is generally thought to comprise mafic cumulates from the magma ocean [9]. Early models of mare basalt

petrogenesis, suggested that remelting of these cumulates at different depths resulted in the observed mare chemsitrles [9].
Despite the appeal of this simple model, them Is Increasing evidence that more complex scenarios are required. More recent
models of mare basalt pebogenasls have stressed two dominant themes: (I) the assimilation of crustal components, e.g., KREEP

[10-15], and (2) melting of complex hybdd source regions [16,17].

Binder [10] suggests that all mare basalts have undergone modification by a KREEPy component, but this model has only been
applied in detail to alumlnous mare basalts from the Apollo 14 site [10-15]. A major problem with this type of model is that the
asalmilalion of KREEP tends to both enrich the LREE and MREE relative to the HREF_ KREEP assimilation models which succeed

at Apollo 14 site will not work at Apollo 15 because the Apollo 15 basalts have LREE/MREE slopes < 1. The Apollo 15 basalts also
have low overall concentrations of incompatible elements which differ liffie between the two main suites present. These suites
differ mainly in their major element chemistry (unlike the Apollo 14 basalts, which have nearly identical major element

compositions). We have tried a variety of KREEP assimilation models on the Apollo 15 mare basalts and none have proved
sa_f_ctmy.

Hughes et al. [17] have recently presented detailed, quantitative models that account for Apollo 15 ONBs by melting of hybrid
source regions. These regions are complex mixtures of early magma ocean cumulates, late magma ocean cumulates, and

trapped liquid. The Yapped liquid component is late magma ocean with a KREEPJike composition, so these models are similar to
the assimilation models in effect, but differ in concept. Hughes et al. [17] apply their model to Apollo 15 green glass, yellow-brown
glass, and ONBs, but do not address the more subtle differences observed between _ ONB and QNB suites.

DYNAMIC MELTING MODEI_ We propose that the salient chemical charactedstiss of the Apollo 15 olivine normative and quartz

normative mare basalt suites can be derived from a dynamic melting model without KREEP assimilation, in this model, melt
extmctk)n from the mantle source region is incomplete and 5-10% of the melt produced dudng each melting event is retained in
the source region as dikes and veins [18]. During subsequent melting events, trace element concentrations are controlled by

rerneffing of the dikes, whereas major elements are controlled by phase proportions and compositions in the refactory residuum.
This model allows repeated melting of the same source region without total depletion of the incompatible trace elements.
Because the refractory residuum is enriched in MgO and depleted in SiC2 dudng melting, subsequent melts derived from this

region rand to be more rnafic and silica-undematureted.

Three general situations were tested using this approach: (1) Cpx-dch cumulate source in equilibrium with late lunar magma ocean

(I.MO)(LI ,, 30 x chm_dte], (2) Olivine + Opx-rich cumulate with 20% Cpx in equilibrium with late LMO (I.a = 30 x chondrite), and
(3) Olivtne/0px/Cpx cumulate in equilibrium with an early LM0 (i.a = 10 x ohondrite). NI of our models share the following

Despite these significant differences In petrography and major element composition, both groups have nearly identical trace
element concanb-ations and chonddte-normalized abundance patterns (Figure 1). The major question to be addressed by any

petrogenatic model for Apollo 15 mare basalts is how to form mare basalt suites with distinctly different major element
characteristics but nearly identical trace element compositions. The similarity in trace element concentrations Imply

compositionally similar source regions and similar percent melting, but these conclusions are not easily reconciled with the
observed differences in major element compositions, which require sources with distinct mineralogies or large differences in

percent melt.
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characteristics: (I) Nine trace elements were included in the calculations (five REE, Ba, Th, Sc, 13); (2) Following Nyqulst et al. [Ig],
a fractionated LMO was used (La/Lu = 2x chonddte); (3) Non-modal melting dominated by pyroxene; (4) We assume that 2-10%
of the first stage melt was retained in the source as dikes/velns; (5) The high-SiO20NBs are taken to be parental to the more
evolved QNB suite; (6) In each case, the QNB parent magma (,, high-SiO20NB) is assumed to be the first melt extracted from the
source, end the normal Iow-SiO20NBs are generated by re-melting of the refractory source region,

Rgure 2 shows the results of our modeling compared to observed Apollo 15 mare ba_alt suites. Model 1 (Cpx-dch source with late

LMO) produces observed trace element concentrations in the QNB parent magma after 25% melting. Remslting of the refractory
residue "(plus 10% dikes) produces the relative trace element concentrations of the ONB suite after 20% melting; matching the
absolute concentrations requires about 25% fractional crystallization. Model 2 (olivine-rich source with late LMQ matches the QNB
parent magma after 5% to 7% melting. Primitive ONBs are produced by an additional 5-7% melting of the residue (plus 5-9%

dikes). Model 3 (olivine-rich source with early LMO) produces the overall shape of the trace element patterns after 4% melting, but
the absolute abundances are too low; approximately 50% fractional crystallization Is required to produce the correct absolute
abundances. Re-melting of this mantle residuum (plus 5% dikes) can produce the ONB suite pattern, but up to 50% fractional
crystallization is required to match the observed concentrations (Figure 2b).

Our results show that the dynamic melting model can be applied over a wide range of mantle compositions to successfully model
mare basalt suites which have similar trace element abundances. It seems clear that model 1 is the most robust because the

amount of melting significantly exceeds the amount of trapped/retained magma in the source, so we ate not merely remelting the
retained magma. However, Nyquist et al [19] have suggested that the lib/St systematics of Apollo 15 ONBs require a source with
only 20% Cpx. This constraint favors models 2 and 3 - which differ mainly in their LMO component. Model 3 may be applicable
to a non-hybrid, magma ocean cumulate source region, whereas models 1 and 2 will probably require some hybridization to

match the major element characteristics of these basalts. We- are currently attempting to model major element variations during
partial melting of the LMO cumulates to further constrain these calculations.

REFERENCES [1] Rhodes J.M. and Hubbard N.J. (1973) Proc. Lunar Planet Sci. Conf., 4th, 1127-1148; [2] Chappell B.W. and

Green D.H. (1973) EPSL,18,237-246; [3] Dowty E., st a1.(1973) Proc. Lunar Planet. Sci. Conf.,4th, 423-444; [4] Humphrles et
al.,(1972) The Apollo 15 Lunar Samples, 103-107; [5] Lofgren (1975) Lunar Science V1,515-517; [6] Longhl st al (1972) The Apollo
15 Lunar Samples, 131-134; [7] Grove T. and Walker D. (1977) Proc. Lunar Sci. Conf. 8th 1501-1520; [8] Vetter etal. (1988) Proc.
Lunar Planet. Sci. Conf. 18th, 255-271; [9] Taylor, S.R. end Jakes, P. (1974) Proc.LunaT Sci. Conf. 5th, 1287-1305; [10] Binder, A.B.

(1985) Proc. Lunar PJenet. SCi Conf. 16th, D19-D30; [11] Shervais J. et a1,(1985) Jour.Geophys. Res., 90, C375-C395; [12] Shervais
J. et al,(1985) Jour.Geophys. Res., 90, D3-DtB; [13] Shih, C-Y.et al, (1986) Proc. Lunar Ranet. Sci. Conf. 16th, J. Geophys. Res., 91,
D214-D2.28; [14] Dickinson, T.st al, (1985) Pro¢. Lunar Renet. Sci. Conf. 18th, 90, C365-C374; [15] Neal C.R., st al (1988) Pros.
Lunar Pfenet. SCi. Conf. 18th, 121-137; [16] Ringwood/L end Kesson S. (1978) Pro¢. Lunar Sci. Conf. 7th, 1697-1772; [17] Hughes

et al. (1989) submitted _lm. Acts Chem.; [18] Lengmuir C. et al. (1977) EPSL 38, 133-156; [19] Nyquist Let si. (1977) Pros.
Lunar Sci. Conf. 8th 1383-1415.
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MELT ROCK COMPONENTS IN KREEPY BRECCIA 15205 - PETROGRAPHY AND MINERAL
CHEMISTRY OF KREEP BASALTS AND QUARTZ-NORMATIVE MARE BASALTS.

John W. Shervals and Scott K. Vetter, Department of Geological Sciences, Unlverslty of South Carollna,
Columbia, SC =

Many current models for the odgin of lunar highland rocks feature as an essential ¢_)mponent the assimilation of KREL=Pymatedal

by primitive magmas parental to the Mg-rich suite and alkali suite plutonic rocks (e.g., [1]). Similar models have also been
proposed for the odgin of various mare basalt suites [2,3,4,5]. However, any model which considers miaimilatlon of KREEP an
important peb'ologic process must soonar.or-later deal with the question: what is KREEP? Beck=usepdstine KREEP baulte are
rare, and most known samples are small (e.g., 15382/15386), the geochemical variability of KREEP basalte is poorly known.

Other KREEP compositions which are commonly used in these models Include the hypothetical "high-K KREEP' component of
Warren and Wasson [6], which is derived from Apollo 14 soil data, and the "superKREEP' quadz-monzodiorite 15405 [7].

Lunar brecoia 15205 is = polymict regolith breccia that ccnaists of approximately 20% KREEP baMIt claltl and 20% quartz-
normative biumlt diuds in a KREEP-dch middx [8]. Bulk rock mixing calculations show that this sample comprises about 84%

KREEP [g]. The clut= range up to 1 cm In size, but most are consider=,bly smaller. The pdmary aim of this study is to characterize

pdstlne KREEP be_dte petrographically, to astabitsh the range in chemical compositions of KREEP basaits, and to test models
that have been proposed for their odgin. In addition, we may be able to extend the compceitional range recognized in the quarlz-
normative basalt suite and cast some light on Its origin as well. Preliminary whole rock geochemical data on the KREEP basaite

are presented in a companion paper by M.M. Undstrom and co-workers [i0]. We concentrate here on the petrography and
mineral chemlstn/of these clasts, and the Implications these data hive for the origin of the different melt rock suites. +

METHODS: Twenty-three rock fragments were extracted from the remaining large subsamplas of 15205 in the Pristine Sample Lab
at JSC. Six of these represent sample palre from the same ¢_u_, so only twenty unique clam are represented. Because of thelr

small size (commonly < 5 mm I_), only sixteen were large enough for whole rock analysis; these date are reported by Undstrom it

al [10]. Twelve fragments representing ten (:lasts were prepared as polished probe mounts for petrographic examlnatlon and
mineral analysis. Mineral analyses were carrled out on s Carnlca SX-50 Electron Microprobe at the Unlverslty of South Carolina

using natural and wnthetic mlnerai standards.

PETROGRAPHY AND MINERAL CHEMISTRY
KREEP BASALTS: Seven of the ten clasts studied here am KREEP b=umltscharactedzed petrographicelly by modes that are dch in

plagioclase (-45-50 vol%) compared to typical mare basalt=. Dymek et al [8] re¢ognlzed 5 textural ve_leties of KREEP basalt In
their detailed peb'ogrephtc study of serial thin secttona from 15205, but all the KREEP basalt das'm extracted for this study are (with
one exception) medium to coanm-grained basalt= with textures that grade from ophitic or subophitic to Intemertal within the same

rock. The finer-grained vedeties consist of slender plagiodase lath= up to 0.4 x 0.08 mm in size, Intargrown with somewhat larger,
blocky pyroxane grains. Coarser-grained varieties have blockier plagiodase (0.8 x 0.3 ram) that is only partly Included In pyroxane

and may grade into an Intergranular texture. Regardless of grain size, almost all of the ophitic/subophitic KREEP besalts contain
an Irregularly distributed mesostasis consisting of K-dch glad, K-feldspar, allice, Ca-phol_ohate, and Ilmenlte. Ilmenlte, the only

ferromagnesian oxide found in the KREEP bluwdte, also occutt u discrete =dandar grains between the coarser silicate phases.
Pyroxane in the KREEP basalte ranges from pale tan magnesian pigsonite cores (F_n76We4 to En67 We5) to dms of greenish
ferroan plgeonite or augite (En42 Wo15 - En33 Wo3g)(figure 1). A= noted by Dyrnek et el. [8], some pyroxanee in the coarse-

grained KREEP ba_dte also zoned inward to fill hollow cores (F_n58WEB). Plegiodase range= in compoaltlon from An 78 to An 88

- more sodic than the plagio¢lase in mare basalt.

One KREEP basalt clast is texturally distinct from the others. This pale-grey colored clut (B1) conslm of a fine.grained, vedolltic

Intergrowth of =lender quench pyroxane (En6g We5 - En49 Wo25) and plagioclese (An79-An85) with an opaque black gllu_ and
ilmenite between the variolee. Despim its textural similarity to rapidly-cooled mare I:Mumlte,It can be distinguished as I KREEP

basalt by the occurrence of K-feldspar in the groundmau, the laP.,kof spinel-phase oxides, and Its KREEPy trace element

composition [10].

MARE BASALTS: Four clute of mare basalt were extracted from breccia 15205 for this study, but only three are available for

petrographic study. Two are pyroxene-phyrlc basalt= with fine-grained, varlolltlc groundmsss, the third ia a medium-grained

ophitlc/subophitlc olMne-phyric ba_It. Phenocryats in the pymxane-phyric basalte typically form large, elongate g.mlns up to 1.5
x 0.3 cm in size, many of which contain hollow cores filled wlth the groundmmm assemblage. The pyroxece phenocryst's have
plgeonilJc coree (En71 We4 to En66 We6) which zone outwards to terroan plgeonlte or subcak_ augite dins (En19 Wo15 - En37

Wo35)(figure 2). The variolitic groundmau consists dominantly of pyroxene-dch variolas with less abundant intergrown

plagtcokum, sepemted by an opaque gllum and acceuory oxide _ (chromlan ulvoe_oinel, ilmenlte). Goundml_l pyroxenes
are more Fe-rich than the phenocryst= (En25 WolO - En5 Wo24) and many plot within the forbidden zone on the pyroxens

quadrilateral (figure 2). Plagioclaee occurs only in the gmundmlu_ as slender needles intergrown with the pymxane-dch vadolas.

It is generally more calcic than plagioclase In the KRF...EPbasalt=, ranging from An83 to An92 in cornpositlon, and forms only 25-35
vol% of the mode.
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The single ophitic-textured ollvineiohyric basalt consists of blocky l:_Foxene grains 0.2-0.8 mm _ (50-55 vo_% of mode) which
enclose somewhat smeller, randomly-orlented plagioc_ laths < 0.4 x 0.05 mm In size (25-,30vol% of mode). The _lall Fo50-55

olivine phenocrysts up to 0.4 mm (_ are Jacketed by plgeonlte, al-mller to other olMne-phyd¢ members of the QNB sulte (e.g., [I 1-

13]). The larger blocky pyroxenes have pigeonite cores (En58 Wog) that zone outwards to augite or femoan plgeonite (En40 Wo30
- En25 .Wo18); smldler interstitial pyroxenes have compositlone simller to the_ dms (figure 2). Plagiock_ In this _ is more
calcic than the other basalt samples (An89 - An92) and exhibits a more rest_cted range In composition. AccessoW phases include

Ti-rich C,roaplnel, chromlan ulvospinel, ilmenite, Fe-metal, and tro[IIte.

DISCUSSION
KREEP BASALT,: All of the KREEP baselts studied here are (with one exceplJon) texturally and mineraloglcally the same, with only

minor variations in grain size end mode. Grain size variations do not exceed those found within single flows of slowly cooled
terrestrial basalts, consistent with the idea that all of the medium to coarse grained KREEP basalt samples studied here represent

fragments dedved from a single lava flow. This interpretation is supported by the limited range In mineral compositions obse_ed,
which is approximately the same for all of the medium/coarse-grained KREEP basal_ The most obvious difference between
these basalts petrogrephically is in the proportion of mesostasis present, which ranges from almost zero up to 15 or 20 vol% of the
mode. These vmiations are not suq:)dsing when the small size and coarse textures of these cleste is considered. As noted by

Undstrom et al [I0], these modal variations in the mesostasis could easily account for the range in trace element concentrations
observed in the KREEP basalt clam studied here, according to the short-range unmixing model of [14-15]. The fine-grained

KREEP basalt studied here may represent the quickly cooled outer portion of this same flow, but the the extreme textural
difference seems more consistent with its odgin in a separs.te, flow. Nonetheless, its tnme element composition Is identical to the

other KREEPy basalts.

MARE BASALTS: Two of the mare baseits studied here are pyroxene-phydc basalts with nearly identical groundmass textures and

similar ranges in mineral chemistry; these cleats may represent different pieces of a single, quartz-normative basalt flow.
Texturally, they resemble typical pyroxene vitrophyres of the QNB suite [I 1-13]. The olivlne-phyrio basalt is petrographically
similar to olivine-phyflc baseits of the QNB suite - a relationship suggested by the occurrence of pigeonite mantles on the olivine.
It cannot be from the same flow as the pyroxene-phydc QNBs, however, because those rocks are no longer saturated with olivine.

REFERENCES: [1] W_'en, P.H. (1988) Proc. 18th Lunar Planet Sci Conf., 233-242; [2] Shervais J.W., at ai (1985) Jour. Geophys.
Res., gO, C37_; [3] Dickinson, T. at el, (1985) Proc. 15th Lunar PLanet Sci. Conf., J.Geophys. Fles., gO, C365-C374; [4] Neal

C.R. at al, (1988) Proc. 18th Lunar and Planetary Science Conf., 139-153; [5] Binder, A.B. (1985) 16th Lunar Planet Sd Conf., J.
Geophys. Ras., gO, D19-D30; [6] Wcqen, P.H. and Wasson, J.W. (1979) Ray. Geophys. Space Phys., 17, 2051-2083; [7] Trttor, G.J.,
et al. (1980) Proc. Lunar Highlands Crust, Papike and Merrill, ads, 339-352; [8] Dymek, FLF.,at al. (1974) Proc. 5th Lunar Scl. Conf.,
235.260; [9] Schonfeld (1975) Lunar Science VI, 712-714; [10] Iindstrom, M.M., at al, (1989) this volume: [11] I:_odee J.M. and
Hubbard N.J. (1973) Proc. Lunar Planet Sct. Conf., 4th, 1127-1148; [12] Papike J.J., at ai. (1976) Paw. Geophys. Space Phys., 14,

475-540; [13] Vetter at al (1988) Proc. 18th Lunar and Planetary Science Conf., 255-271; [14] Undstrom M.M. and Haskin L.A.

(1978) Pro¢. Lunar Sd. Conf., 9th, 4_186; [15] Undstrorn M.M. and I-I_ldn LA (1gel) Gecchtm. _im. _ 45, 15-31.
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Rgurs 1. Pyroxane compositions in 15205 KREEP Mselts.
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Figure 2. Pymxene compositio_ In the QN mare
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IMPUCATIONS FOR BRECCIA Ct.AST STUDIES.

John W. SHERVAIS and Scott K. VETTER, Univ. of South Carolina, Columbia, SC 29="O8, and /f/ d'*

Marilyn M. LINDSTROM, SN2/NASA-JSC, Houston, TX, 77058. /

Mo'st of the recent advances In lunar petrology are the direct result of breccia pull-apart studies,

which have identified a wide array of new highland and mare basalt rock types that occur only as clasts

within the brecclas. These rocks show that the lunar crust is far more complex than suspected previously,

and that processes such as magma mixing and wall-rock assimilation were important in its petrogenesls.

These studies are based on the implicit assumptlonthat the breccia cleats, which range in size from a few

mm to several cm across, ere representative of the parent rock from which they wore derived. In many cases,

the aliquot allocated for analysis may be only a few grain diameters across. While this problem is most

acute for coarse-grainedhighland rocks, it can also cause considerable uncertainty in the analysis of mare

basalt clasts. Similar problems arise with small aliquots of individual hand samples (e.g., Ryder and

Steele, 1987).

We report here on our study of sample heterogeneity In 9 samples of Apollo 15 olivine normative basalt

(ONB) which exhibit a range in average grain size from coarse to fine (15536, 15537, 15538, 15546, 15547,

15548, 15598, 15605, and 15636), Seven of these sampieshave not been analyzed previously, one has been

analyzed by INAA only (15605; Ma et el, 1978), and one has been analyzed by XRF+INAA (15636; Compston et al,

1972; Fruchter et al, 1972). Our goal is to assess the effects of small aliquot size on the bulk chemistry

of large mare basalt samples, and to extend this assessmantto analyses of small breccia clam.

METHODS: Rvo samples were received as 2 aliquots of 150 mg oach taken from different parts of the parent

sample; the other four were received as single 200 mg fragments, each of which were split into two 100 mg

aiiquots before crushing. Each aliquot was powdered.in an agate mortar and divided into two splits: 70-100

mg for INAA (selected major and trace elements) and 30-50 mg for fused bead EMP analysis (major elements).

All samples were studied petrographically in thin section, and phase compositions were determined by

EMP analysis.

RESULTS : All of the samplesare Iow-SiO2 ONBs typical of the Apollo 15 site; seven are olivine micro-

gabbros, the other two are medium to fine-grained olivine-phyric basalts. Olivine (Fo65 to Fo30) is the

primary liquidus phase and occurs as subhedral to rounded grains which may be jacketed by pyroxane. Plagio-

class most commonly occurs as large, poikolitic laths that enclose both pyroxene and olivine. Several

samples contain mafic-rich clots up to several mm across which have little or no feldspar. Late phases

include fayalite, ilmenite, spinel, cristobalite, whitlockite, and K, Si-rich glass. The late phases are

commonly associated spatially, and in the coarser-grained samples (15547, 15636)they are concentrated in

the mafic-rlch clots. All of the phases are relatively Fe-rlch relative to the A-15 QNB suite; phase

compositions are shown in figure 1.

Major element analyses of aliquots from the same sample generally agree within analytical uncertainty,

except for samples 15547 and 15636. These samples are higher in Fe, Ti, P205, and La than the other

samples, and correepodlng allquots exhibit large differences in composition (figure 2). These differences

are shown in figure 3 as the function delta/sigma, where delta equals the deviation of the samples from

their mean and sigma is the average analytical uncertainty (one sigma). Total analytical uncertainty (at

the two sigma level) is shown by the dashed l|no. -Three samples (15536, 15537, and 15605) shown no

variation at the 2 sigma level, and four samples (15538, 15546, 15548, 15598) show minor differences between

ailquots (one or two elements vary at the 3 sigma level). There is no consistent relationship to grain size

- fine and coarse-grained samples ere present in each group. The largest variations are shown by 15547 and

15636, In which allquots differ by up to 14 sigma from the mean (figure 3). Short count trace element

data exhibit more scatter than do the major elements, and differences between aliquots can be substantial,

even when major element differences ere small. These differences cannot be quantified, however, until

more reliable long count data become available. Di Hd
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Rgura 1. Olivine, pyroxene, and plagioclasecompositionsin Apollo 15 olivine be.salts.
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DISCUSSION : The dispersion of chemical data about a mean of replicate analyses is caused by (1) analytical

uncertainty and (2) sample heterogeneity on a scale larger than the sample size. When viewed in terms of

analytical uncertainty at the two sigma level, most of aliquot pairs in this study are identical or nearly

identical in major element composition, regardiessof grain size or texture. The two samples which exhibit

large differences between aliquot pairs are characterized by heterogeneous distribution of mafic-minerals

and late-forming mesostasisphases. Figure 4 is a BSE image of a typical mesostasisclot in 15636

containing fayalite, ilmenite, cristobalits, glass, and apatite, surrounded by zoned pyroxene and

plagioclase. The mesostasisphases contain most of the Fe (fayalite, ilmenite), Ti (ilmenite), P (apatite),

and REE (apatite) found in the sample. The positive correlation between these elements seen in figure 2

implies that the chemical heterogeneltyexhibited by 15547 and 15636 Is due largely to the heterogeneous

distribution of late-forming mesostasisphases. Similar coarse-grained microgabbro samples in which these

phases are more evenly distributed do not show significant chemical dispersion, and even the small aliquots

studied here are representative for the major elements. Trace elements seem to be more sensitive, and

detailed geochemicalmodeling based trace element concentrations in very small samples may be subject to

large uncertainties. Because the samplealiquots studied here are about the same size as most aliquots of

breccia clasts, the same conclusions will apply to clast studies.

References:
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Figure 3. Chemical dispersion of olivine basalt
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Rgure 4. BSE image of mesostasisclot in 15636.

Bright = Fayalite; dark grey = feldspar, crlsto-

balite, and glass; light grey = whitlockite;

zoned grey = pyroxens. Bar scale = 200 microns.
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