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The understanding of basalt petrogenesis at the Apollo 14 site has increased markedly due to the study
of “new” samples from breccia “pull-apart” efforts. Whole-rock compositions of 26 new high alumina
(HA) and 7 very high potassium (VHK) basalts emphasize the importance of combined assimilation and
fractional crystallization in 2 lunar regime. Previously formulated models for HA and VHK basalt
petropenesis #re modified in order to accommodate these new daty, aithough modeling parameters are
essentially the same. The reguired range in HA basalt compositions is generated by the assimilation of
KREEP by a “primitive” (high MG#, low 5iO;, low incompatible elements) parental magma. In order
to generate all observed compositions, the inferred parental magma must undergo 70% factional
crystallization and 15.4% KREEP assimilation. The VHK basalts can be generated by three parental HA
basalts (primitive, intermediate, and evolved) assimilating granite. In order to accommodate the
compositional variability of granite, three granite assimilant composttions are used in the modeling, Results
indicate that VHK basalt compositions are dominated by the parentil magma, and only up to 8% granite
assimilation is required. This modeling indicates that at least three VHK basalt fows must be present

at the Apollo 14 site.

INTRODUCTION

The role of igneous processes in a lunar regime is becoming
better understoad as our database increases. The post magma
ocean erd is particularly important as it details the evolution
and composition of the newly-formed lunar crust and mantle.
This evolution may be observed in the study of extruded
basaltic magmas (e.g., Dickinson et al, 1985, 1988; Shervals
et al, 1985ab; Goodrich et al, 1986; Neal et al, 1988ab).
There has also been an evolution of models developed to
expliin the range of basaltic compositions at the Apollo 14
site, Previously (Shervais et al, 19852; Dickinson et al, 1985),
it was envisaged that there existed groups of basalts, which
were derived from different sousce regions. With the analysis
of “new” basalt samples, New! et al. (1988ab) demonstrated
the importance of combined assimilation and fractional
crystallization in the petrogenesis of basalts at the Apollo 14
site. It was demonstrated that high alumina (HA, after the
classification of freing, 1975) and very high potassium (VHK)
basalts can bhe generated by an interaction of a basaltic magma
with KREEP and granite, respectively. Because some VHK
basalts also contain a KREEP signature, the idea of a granite-
KREEP association is reinforced (Ryder, 1976; Neal and Taylor,
1988).

As a continumation of our previous endeavors, we have
studied new, pristine basaltic clasts in breccias from the Apolio

14 site (Neal et al, 1988c,d,e), which include both HA and
VHK basalt types. We use the term HA to describe a basalt
containing between 11-14 wi% AlO; and <0.3 wt% K0,
with K/La ratios of approximately 100. The term VHK is used
to describe a basalt containing >0.3 wt.% K;0, a K;0/Na0
tatio >1, and a K/La ratio >150. In addition, Rb and Ba may
also be enriched relative to HA basaits, The major-element
chemistry of VHK basalts is generally similar to HA basalts,
except for elevated K;0 contents.

The present study involves the examination of the whole-
rock chemistry from 26 new HA and 7 new VHK basalt clasts
by instrumental neutron activation analysis (INAA). These
clasts were extracted from breccias 14303, 14304, and 14321,
This paper is part 2 of a two-part contribution, the first
detailing the mineralogy and petrography of these basalts (Neal
et al, 1989). In the following presentation, samples are
referred to by probe mount (PM) number first, with the INAA
number following in brackets. This allows comparison with the
mineralogy and petrography of these samples detailed in part
1. The aim of this paper is to include these new compasitions
in the models previously proposed for HA and VHK basalt
petrogenesis (Nea! et al, 1988ab). This should provide an
adequate test of previous models formulated for basalt
petrogenesis at the Apollo 14 site. With the extension of the
basalt database, minor refinements to the preexisting models
are likely to be necessary,
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WHOLE-ROCK CHEMISTRY

The wholerock chemistry for most of the samples was
determined by INAA at Oregon State University by RAS and
SSH, but four VHK basaits [14303,328(318); 14304,169(168);
14304,177(176); and 14304,203(180}| were determined by
INAA at NASA Johnson Space Center (JSC) by MML. [For
analytical techniques, see Hughes et al. (1988) and Lindstrom
et al (1989).] Major elements were also determined by INAA
except for these four VHK basalts. For these basalts, a split of
the sample used for INAA was fused and quenched to glass
in a nitrogen atmosphere on a molybdenum strip. The glass
produced wus then analyzed by electron microprobe using a
broad beam. Molybdenum was included in the analysis and
subtracted from the total, and the resulting analyses wus
normalized to 100. The major elements obtained from INAA
(Fe, Ca, Na, K) show good agreement with totals from the
electron microprobe. For example, the INAA results for
14304,169(168) give 0.59 wt.% Na,0, 0.91 wt.% K;0,
10.2 wt.% CaO, and 104 wt.% FeQ. The fused bead analysis
gave abundances of 0.60 wif%, 0.96 wt.%, 10.8 wt.%, and
10.6 wt.%, respectively, for these elements. Silica was
determined by difference for samples analyzed by INAA; this
value is approximate, as the errors inherent in the analysis of
other major elements will be magnified. The siderophile trace
elements, Ir and Au, were not detected in both the HA and
VHK basalts, consistent with the pristine nature of our samples.

As reported in part 1 of this presentation (Nea! et al,, 1989),
the textures of the HA basalts are generally fine to medium
grained (grains are generally 0.1-2 mm in the longest
dimension). Therefore, for a fine-grained hasait, a small sample
size can give a representative whole-rock analysis. A larger
sample size is required in order to obtain a representative
analysis of a coarse-prained basalt. All analyzed samples with
weights less than =25 mg are fine grained. However, although
14321,1604(1549) weighed only 9.5 mg and is medium
grained, the analysis presented in Table 1 does not deviate
substantially from other analysis using larger sarmple weights.
The analyses of VHK basalts were generally conducted on
larger samples than for the HA basalts (up to 115 mg: Table
2). Therefore we assume that our INA analyses are represen-
tative of the basalt clast and are not radically affected by
heterogeneous sampling. The analytical results, as well as
sample weights, are presented in Tables 1 and 2.

HA Basalts

Major and rare earth elements. The 26 new 14321 HA
basalts exhibit a range of MG# (Table 1) from 44.0 to 55.2,
with CaO ranging from 8.80 wi.% to 12.1 wt.%. Silica, although
calculated by difference, also shows significant variation from
428 wt% to 494 wt¥% Si0,, whereas ALO, exhibits less
variation from 11-14 wt.%. TiO, reaches a maximum of
3.25 wt% in 14321,1595(1530), and Na,O is <0.61 wt.% in
all samples.

Mujor-element compositions are represented on a Ol-An-Qz
pseudoternary “Walker diagram” (Watker et al, 1972, 1973)
in Fig. 1. The new basalts have similar major element
compositions to basalts previously reported from the Apollo
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14 site (e.g, Sheruvais el al, 1985a; Dickinson et al, 1985; Neal
et al, 1988a). As a result of this similarity, phase boundaries
are drawn for an Fe/(Fe+Mg) ratio of 0.6, determined by Neal -
et @l (1988a), This ratio is used because it represents the
composition of the parental magma at the time it encounters
the Ol-Plag cotectic. The abundance of K,O mnges from
0.04-0.36 wt.%. The greatest abundance of K;0 is in (,1542)
(0.36 wi%), but this cannot be classified as a VHK as
K,0/Na,O and K/La ratios are too low (0.6 and 76.3,
respectively). Generally, K increases with increasing La/Lu and
Sm/Eu ratios. ’

Abundances of the REE are presented in Table 1, and the
range in chondrite-normalized REE profiles is presented in Fig,
2a. Primitive REE profiles are those with a (La/Lu)y ratio <1
and REE abundances =10% chondrite. More evolved REE
profiles are those with (La/Lu)y ratios >1 and La abundances
up to 120X chondrite. As the 1a/Lu ratio increases, so does
the depth of the negative Eu anomaly, with the most evolved
patterns mirroring KREEP. Comparison of these REE profiles
with previously reported Apollo 14 basalts (Fig. 2b) demon-
strates 2 widening of HA basalt compositions at the Apollo 14
site,

Trace elements. The new 14321 HA basalts exhibit
moderate variation in the compatible (Sc, Cr, Ni, Co, and V)
large ion lithophile (LIL: K, RD, Ba, Sr, and Cs) and high field
strength (HFS: Zr, Hf, Ta, U, and Th) elemenis (Table 1). These
ranges are similar to those previously reported (Dickinson et
al, 1985; Shervais et al, 1985a; Neal et al, 1988a), although
the upper limit for HFS elements is extended by our new data.
The Ni, Ba, Cs, and U analyses for most of the HA basalts
exhibit uncertsinties too large to be of any petrogenetic

Qz
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Fig. 1. Mazjor element compositions of the HA basalts
represented on an Ol-An-Qz pseudoternary (afier Walker et al,
1972, 1973). The dashed field represents previously reported
HA busalts (Dickinson et al, 1585; Shervais et al, 1985a; Neal
et al, 1988a). Phase boundaries are drawn for
Fe/(FetMg) = 0.6 (sce Neal et al, 1988a).
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TABLE 1. Whole rock compositions of 14321 HA basalts; values are in wt.% for oxides and in ppm for all other elements,

PM No. 1482 1483 1484 1485 1601 1391 1592 ,1593 1594 ,1595 1596 ,1597
INAA No. 1445 1448 1449 1451 1454 1518 1520 1522 1524 1529 1530 1533 ,1535
we{mg) 233 499 57.7 367 454 15.7 248 30.1 527 233 20.7 285 55.3
§i0; 469 45.8 471 468 45.5 494 466 455 482 49.4 44.3 466 46.3
TiO; 2.10(11) 189(13) 226 (14) L75(11) 203(13) 241(11) L82{10) 203 (12) 267(17) 265(12) 3.25(13) 209 (11} 211(13)
AG;  140(2) 132(2) M2() 133(2) 138(2) 128(12) 40(2) 137(2) 1L7(2) 138(23) 118(1) 130(2) 138(2)
FeO 159(1) 177(1) 171(1) 156(1) 169{1) 153(1) 166(1) 166(2) 164(1) 140(1) 202(1) 163(1) 166(1)
MnO p21(1) 024(1)} 023(1) 022(6) 023(1) 023(1) 022(1) 022(1) 022(1) 021(1) 025(1) 022(1) 023(1)
MgO 860 (50) 9.70(60) 7.90(60) 11.1(4) 980(60) 7.90(50) 108(5) 106(5) B8I90(60) 740(60) 106(5) 101(4) 9.00(60)
€10 112(5) 103(5)} 101(5) 101(5) 109(6) 109(50) 103(5) 1L0(5) 9.61(53) 11.6(5) 880(40) 107(5} 105(5)
Nita© 052(1) 051(1) 059(1) 046(1) 030(1) 054(1) 038(1) 060(1) 040(1) 051(1) 032(1) 047(1) 0355(1)
K20 017(2) 0.14(2) 016(2) 013(2) 0O06(1) 0I6(2) 019(2) 0I8(2) 007(1) 016(2) 004(1) 011(1) 0I3(2)
5¢ 553 (1) 59.0(1) 6L3(1) 337(1) 607(1) 543(1) 514(1) 562(1) 60B(1) SL6(1) 450(1) 564(1) 582(1)
v 104(5) 118(5) 119(6) 143(6) 142(6} 104(5) 99(5) 122(5) 129(6) 100(5) 125(5) 119(5) 112(5)
Cr 3420 (10) 3840 (10) 2690 (10) 4690 (10) 4670 (10) 2790 (10) 2890 (10) 3480 (10) 4230 (10} 2540 (10) 4650 (10) 3330 (10) 3330 (10)
Co 343(1) L1} 262(1) 209(1) 382(1) 341(1)} 330(1) 337(1) 385(1) 354(1) 447(1) 365(1) 302(1)
Ni 67 (12) 61(14) <40 70(11) <160 <160 110(15) 57(14) 105(15) 52¢11) 89(14) 110{20) 48(10)
Cs <11 <12 <LO 0,52 (11) 0.2} L1(2) 079(15) 041(11) 0.50(40) {03} (2] 0.80(19) [0.6]

Ba 160 (50) 210 {30) 190(35) {200) nd 230 (30) 290 (40) nd nd {370} nd 120 (40) 160 (30)
Ia 232(2) 204(2) 245(2) 13.1(2) 6BB(I0) 24.1(2) 205(2) 222(2) 1L7(1) 264(2) 342(9) 1BG(2) 203(2)
Ce 55(1)  S2(1) 65¢1} 308(5) 171(6)} G6r{1} 76(1) 59(1) 284(7) 71(1) B30(50) 49(1) 53(1)
Nd 9(2) 37(2) 42¢2) 22(2) 13(1) 40(3) 52(3) 38(2) 18(3) 41(2) 760(250) 28(2) 32(3)
Sm 113(1) 105(1) 121(1) 648(2) 383(2) 1EB({1) 140(1) 108(1) 608(2) 130(1) 190(2) 945(2) 993(2)
Eu 139(3) 131(3) 152(4) 1.12(2) 073(4) 139(4) 150(3) 139(4) L1I(3) 153(3) 050(3) 126(4) 133(2)
Th 220¢10) 2.10{10) 260(10) 1.24(7) 110(10) 240(10) 3.00(10) 2.10(10) 130{10) 260 (10) 046(7) 1.90(10) 200(i0)
¥h 70(1)  66(1) 79(1) 49(1) 3B{1) 75(1) 930(20) 720(10) 530 (10} 7.90(20) 230(10) 590(10) &5 (1)
Lu 092(2) 092(2) 099(2) 068(2) 052(2) 104(2) 125(3) 196(2) 075(3) 107(2) 029(2) 081(2) 087(2)
Hf 92(1) 83(1) 98(1) S5B(1) 34(1) 96(1) 1.0{1) B4(10) 54(1) 100(F) 20(1) 73(1) '81(1)
Ta 086 (4) 09Z(5) 105(6) 061(5) 042(5) 127(B) 144(3) 105(7) 074(1) LI4(4) 042(5) 0BI(5) 098(H)
‘Th 25(1) 19¢1) 23(1) 16(1) L1{1) 28(1) 46(1) 24(1) 1L5(1) 25(1) 05(1) 15(1) 18(D)
u {4.2) [1.1} 10(2) (41} [1.0} {5.9) 16(3) {20} nd 08(2) (18] 5] [12)

TABLE 1. (continued)

PMNo. 1598 1599 1604 1605 606 1607 L1600 (1608 16090 1610 1611 1612
INAA No. 1338 1542 1546 1549 1553 1556 1558 1563 1568 1573 1578 1582 1585
Wt (mg) 375 184 33.1 5.5 251 197 439 34.2 938 927 1126 57.8 88.8
Si0; 493 489 485 447 428 48,0 437 463 487 464 447 444 47.7
TIO; 221 (11) 241(12) 198(10) 247 (13) 256 (400 235(11) 244 (14) 241 (11) 202 (13) 283 (16) 1.87(15) 249 (15) 2.05(12)
ARGy 128(2) 137(2) 117(2) 119(2) 1L1(1) 125(2) 147(2) 129(2) 156(2) 124(2) 130(3) 140(2) 133(2)
FeQ 151(1) 142(1) 158{(1) 175(1) 201¢1) 160(1) 169(1) 177(2) 153(1) 183(1) 171(1) 17.2(1) 162(1)
MnD 022(1) 019(1) 024(1) 025(1) o024(1) 023(1) 021(1) 024(1) 02z(1) 025(1) 023(1) 023(1) 022(1)
MgO B.80(40) 9.10 (60) 108 (40) 1L.5(80) 12.1(50) 930 (50) 9.00(70) 7.80 (40) 850 (40) 9.60 (50} 118(50) 109(6) BI0(50)
€10 105(3) 103(5) 102(4) 107(6) 101(4) 105(5) 121(6) 1L5(5) 106(5) 922(46) 10.5(5) 9.79(54) 10.5(5)
NayO 050(1) 060(1) 025(1) 042(1) 046(1) 060(1) 046(1) 062(1}) 034(1) 039(1) 026(1) 030(I) 05%(1)
K30 012(1) 036(3) 0606(1) 015(2) 007(1) 015(2) 008(1) 0.14(1) 0D&(1) 008(I) 006(1) 005(1) 0.15(2)
sc 553(1) 485(1) 519(1) 577(1) 652(1) 583(1) 621(1) 639(1) 554(1) 595(1) 3529{1) 657(1) 592(1)
\ 120(5) 81(d) 139(5) 114(6) 132(5) 115(4) 123(6) 111(5) 119(6) 134(6) 131(7) 149(6) 115(5)
Cr 3210 (10) 2040 (10) 4040 (10) 3160 (10) 3270 {10) 2670 (10) 3490 (10) 3080 (10) 3280 (10} 4040 (10) 3720 (10} 4250 (10) 2750 (10}
Co 333 (1) 350(1) 325(1) 369(2) 336(1) 320(1) 4L1(1) 304(1) 3L7(1) 354(1) 384(1) 358(1) 304(1)
Ni 110(20) nd nd 176 ¢25) BO(20) 78(15) 75(10) 76(13) 350{12) 70(11) 73 (13) <170 <180
Cs {04} 07 (14) 07(40) [04] [0.06) 0.50(20) nd (04} {017)  nod {008]  056(13) [04)
Ba 140 (303 {500} 80 (30) 120(40) nd 210(30) 170 (40) 200 (40) nd nd 80(20) nd 180 (30)
La 20.1(2) 397(2) 452(8) 13.2(1) 306(8) 2L6(2) MI(I) 286(2) 719(9) 11.7(1) S513(7) 311(7) 223(1)
Ce 53(1)  105¢1) 104(8) 313(7} 70(d) 56(1) 321(4) 69(1) 190(5) 30(2) I34(4) TO(6) S5BY(5)
Nd 34(2) 62(3) 7B(15) 19(2) 52(23) 36(2) 23(3) 45(3) 129(13) 18(2) 84{13} 51(15) 35(2)
Sm 102(1) 176(1) 254(2) 684(2) 214(2) 108(1) 736(2) 142(1) 388(1) 603(2) 285(10) 215(2) 1L1(1)
Eu 134(3) L78(4) 046(3) 121(5) 06(3) 130(3) 128(3) 160(3) 071(3) 106{10) 059(3) 073{(4) 143(3)
™ 180{10) 3.80({10) O68(Y) 170(10) 046 (8) 210(10) LBO(10) 280 (10) 0.70 (10) 160 (10} 0.79(9) 069(9) 210 (10)
Yb 62(1)  122(2) 26(1) 59(1) 29(1) 69(1) G4(1) B7(2) 3I6(1) 56(1) 28(1) 29(1) 70(1)
Lu 0B9(2) 159(3) 041(2) 0B0(2) 042(2) 093(2) 084(2) LI3(2) 056(1) 079(1) 046(1) 041(1} 094(2)
HF BI(I) 154(1) 25(1) 62(2) 15(1) 90(1) 65(1) 99(1) 34(1) 52(1) 23(1) 20{1) 87(1)
Ta 108(5) 202(7) 059(7) 114(9) 037(5) 104(6) 100(5) L10(d) 050(5) 077(5) 038(5) 046(6) 0.98(8)
h 2001)  73(1)  07(1) 19{2) <5 22(1) 20(1) 30(1) o05(1) 15(1) 07(1) 040(13) 2.1(1)
u (23] 26(3) {10} (1.8} [4.0} [2.6) f1.1] 14(3)  [19) f1.5] (0.2} (2.2} 13 (2}

* = 50y calcutated by difference.
{} = uncerain vajues determined by foreed pesk integration or counts influenced by undefined interderences; nd = not detected; () = 2 sipma error In kst decimal

place.
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TABLE 2. Whole rock compesitions of analyzed VHK basalts; values are in wit% for oxides and in ppm for all
other elements.

14303 14304 14304 14304 14304 14304 14304
PM No, 328 169 177 203 187 189 194
INAANo. 318 168 176 180 148 152 164
Wt (mg) 869 265 628 87.1 115.0 89.5 104.7
§i0, 60 (2) 49.0(2)  T521(3)  146.6(2) 474 483 463
O, 1.55 (6) 186 (10} 1.07(8) 2.22 (9) 150(11)  227(13) 594 (30)
Al 13.6 (8) 16.0 (1) 15.1 (1) 12.0 (1) 14.2(2) 15.1(2) 119 (2)
FeQ 15.1(2) 10.6 (1) 102 (1) 158 (2) 158(1) 126 (1) 158 (1)
MnO 023 (2) 0.15 (3) 0.15(3) 0.28 (3) 021(1) 0.16 (1) 0.17 (1)
MgO 108 (1) 956 (11) 104 (1) 9.80 (8) 10.0 (4) 7.90(50)  7.20 (40)
Ca0 11.6 (1) 108 (1) 9,06 (1) 11.0(1) 970 (40) 117 (5) 10.0 (5)
No,O 0.28 (2) 0.60 (2) 0.60 (1) 0.51(2) 040 (1) 056 (1) 071(1)
K:0 046 (3) 096 (3) 1.07(18) 1.22(3) 035 (3) 1.11 (6) 171 (12)
P05 0.04 (2) 0.35 (4) 0.07 (6) <0.03 na na na
S¢ 524 (6} 299 (3) 22.2 (3) 587 (7) 52.1(1) 53.8 (1) 61.5(1)
Vv na n it na 116 (4) 109 (5) 78 (6)
Cr 3190 (40) 1262 (16) 1153(15) 3450(40) 3530(10) 2560 (10) 2040 (10)
Co 37.5 (4) 20.2 (2) 158(19) 326(4) 34 (1) 365 (1) 349 (1)
Ni 100 (20)  170(20) 79 (14) rd <120 130 (15) 93 (12)
Rb 14 (2) 28(2) 43 (2) 38(3) ma n m
Sr 100 (30) . 156(20)  217(15) 130(30) ma m o
Cs 054 (6) 1.31 (5) 1.86 (4) 027 (5) 0.36 (8) 1.70 (1) 220(1)
Ba 252 (15) 920(20) 1160(20) 202(14) 6GO(20) 560 (40) 820 (40)
La 7.07 (9) 514 (6) 252 (3) 6.11 (B) 333 (18)  205(2) 50.6 (2)
Ce 20 (9) 135(18)  66(1) 168 (5) 85(3) 50 (1) 126 (1)
Nd 13 (4) 78 (6) 43 (4) 12 (2) 45 (5) 30(1) 83 (3)
Sm 3.86 (6) 23.7 (4) 121 (2) 374 (6) 1.78 (2) 5.66 (2) 266(1)
Eu 0.69 (2) 230 (4) 3.02 (5) 0.74 (2) 0.68 (2} 1.35(3) 256(3)
Th 0.92 (4) 513 (10) 2.82(06) 0.89 (£) 037 (7) 200(10) 5.60(10)
Yh 3.71 (6) 226(3) 168 (2) 4.08 (7) 2.03 (5) 770(10)  19.6(2)
Lu 0.56 (1) 3.14 {(6) 2.56 (4) 0.61 (1) 030 (1) 1.03 (2) 257(3)
Zr 110 (30)  730(100) 780(80) 70(30) na na ma
Hf 2,82 (8) 187(3 213 (3) 3.00 (9) 160 (10) 7.10(10) 189(1)
Ta 033 (2) 244 (5) 253 (5) 0.59 (3} 031 (4) 1.11 (6} 3.30(6)
‘Th 1.21(5) 109 (2) 114 (2) 0.92 (5) 0,62 (6) 3,20 (1) 520(1)
u 044 (5) 326 (11)  479(15) 014 (5) [0.6) 130 (10)  3.20(30)

* = 80, calculated by difference.

T = major elements determined by electron microprobe analysis of fused glass bead.
{} = uncertain values determined by forced peak integration or coums influenced by undefined interferences; nd =
not detected; na = not analyzed; () = 2 sigma error In last decimal place.

constraint and will not be considered further. Generally, those
basalts with the most primitive REE profile contain the greatest
ahundances of the compatible and lowest abundances of
incompatible elements. Positive carrelations between the HFS
elements and La/Lu and 5m/Eu ratios are noted.

VHK basalis

Major and rare earth elements. As documented by
previous authors (ie., Shervais el al, 1985b; Goodrich et al,
1986; Warren et al, 19806; Neal et al, 1988h), major element
compositions of VHK basalts {Tuble 2) are similar to HA basalis
(Table 1). However, the seven new VHK basalts studied here
have MG#’s (44.8-G4.6) that exceed the upper limit of the
range defined by the HA basalts. A similar sithation is noted
with ALO; (11.9-16.0 wt.%). The Na, Ca, and Ti abundances
in these VHK basalts are similar to those of HA basalts
(0.28-071 wt.% Na,O; 9.06-11.7 wt.% Ca0; 1.55-2.27 wt.%
Ti0,), except the elevated TiO,; content of 14304,194(164)
{5.94 wt.%). As indicated by the classification of these basalts,

K,O is generally elevated above abundances in HA basalts. In
the seven new samples, K,O ranges from 0.35-1.71 wt.%. The
analyses of fused glass beads by electron microprobe included
B,0., which ranges from <0.03-0.35 wi.%. The major-clement
compositions of the VHK basalts have also been plotted on an
Ol-An-Qz pseudoternary (Fig. 3). As with previously reported
VHK basalts, these plot around the Ol-Plag cotectic and are
similar to HA basalts.

The REE abundances in the seven new VHK basalts (Table
2) exhibit a wide range, from 3.33 ppm to 514 ppm L
Generally, there is a negative Eu anomaly
[(Sm/Eu)y = 1.51-3.91], except for 14304,187(148), which
exhibits practically no Eu anomaly (Fig. 4a). The profile of this
sample is almosi flat, with 2 slight depression in the MREE.
Unlike the HA basalts, the profiles exhibit either a flattening
of the HREE, or an increase from the MREE to the HREE [eg,
(Fig. 4a)]. These profiles, which are concave upward, appear
similar to lunar granites (Fig. 4b), consistent with the

- assimilation of granite in VHK basalt petrogenesis (e.g.,
Shervais et al, 1985b; Neal et al, 1988b).
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Fig. 2. (a) The range of chondrite-normalized REE profiles for the 22 new HA hasalts. (b) All Apollo 14 HA basalt REE profiles
represented on a chondrite-normalized plot. Dati are from Dickinsor ef al. (1985), Shervais et al, (1983a), Neal et al. (1988a), and

this study.

Trace elements. Generally, the ranges in compatible, LIL,
and HFS elements {Table 2) expand those previously reported
for VHK hasalts (e.g, Shervais et al, 1985b; Neal et al, 1988b).
Vanadinm was only determined in three basalts from breccia
14304 (Table 2), and Rb, Sr, and Zr were determined only
on the remzining four VHK hasalts of our study. Barium
abundances are generally higher than HA basalts, except for
14304,187(148), which contains only 60 ppm Ba, This is the
lowest Ba abundance yet reported from VHK basaits, which
are usually characterized by elevated Ba contents (e.g., Shervais
Tet al, 1985b). The classification of this sample as “VHK" is
supported by the Ba/La ratio (18.0), which is within the range
defined by the other six VHK basalts (17.9-46.0). It also has
low REE abundances, comparable to a primitive HA basalt,
which would contain between 25-30 ppm Ba. Therefore the
Ba content of 14304,187(148) is elevated relative to a
comparable HA basalt; coupled with the high K/La ratio (872),
this sample is classified as a VHK basalt.

DISCUSSION
HA Basalts

The analyses of “new” basalts obtained by breccia pull-apart
efforts have enabled a uniform approach to be developed for
basalt petrogenesis at the Apollo 14 site. The range in trace-
clement compositions of the HA basalts has led previous
authors to suggest the presence of various groups of basalts
(defined by a limited data set). The petrogenesis of these
groups of basalts required derivation from different source
regions {(Shervais et al, 19853 Dickinson et al, 1985).
However, Neal et al, (1988a) proposed a combined assimila-
tion (of KREEP) and fractional crystallization (AFC) model
(after DePaolo, 1981) in order to generate all HA basalts at

the Apollo 14 site. We do not envisage that every analyzed clast
represents a separate HA basalt flow. The compositional
variability within the HA basalt suite may be a function of the
inhomogeneity of the parental melt in the magma chamber.
For example, the edges of the magma chamber will contain
a higher proportion of assimilated wallrock than the center.

Qz

.
1
P VyHK
BASALTS

Plag.

Fig. 3. Major-element compositions of the VHK basalts
represented on an Ol-An-Qz pseudoternary (after Walker et al,
1972, 1973). The dashed field is for HA basalts (Dickinson ef
al, 1985; Shervais et al, 1985y Neal el al, 1988a). Phase
boundaries are drawn for Fe/(Fe+Mg) = 0.6 (see Neal et al,
1988a). :
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Eruption to the surface can initially draw magma from the edge
of the chamber before the center. Therefore it is possible for
one How to prade from primitive to evolved, depending on
heterogeneity in the magma chamber and rate of extrusion.
The range in textures of HA basalis (Neal et al, 1989) is more
restricted than the range in whole-rock compositions, The
textures could easily represent different regions of the same
basalt flow. Observed textures do not correlate with observed
ranges in trace-element abundances, although more evolved
basalts (i.e., Ca- and Fe-rich pyroxene compositions) generally
contain higher abundances of incompatible trace elements.

KREEP was chosen as the modeled assimilant because of the
similarity between the REE patterns from evolved HA basalts
and KREEPy lithologies. With new data, Neal et al. (1988a)
demonstrated that a continnum of basalt compositions existed,
rather than-the groups proposed by Shervais et ai, (19852)
and Dickinson et al. (1985). This removed the need to invoke
different source regions for basalts of different compositions,
However, possible gaps in the continuwm still exist (Fig. 5),
and the most ardent opponents of AFC may still advocate the
presence of two basalt groups.

As the new HA basalts have major element compositions
similar to those previously reported (Fig. 1), we have used the
same crystallization parameters (as reported in Neal el al,
1988a). DePacio (1981) contends that major elements in an
AFC process can be esseatially modeled by fractional
crystallization alone. Therefore, we assume that the assimilant
has little effect on the major elements in our model, modeling
these elements by fractional crystallization. Olivine and
chromite are the first phases to crystallize (Walker et al,
1972). By using the lever rule (Fig. 1), only olivine (90%) and

. chromite (10%) fractionate during the frst 14% crystallization.
This is consistent with the petrography described in part'1 of
this contribution (Nea! er al, 1989), where olivine pheno-
crysts with chromite inclusions are present either with or
without pyroxene reaction rims. After 14% crystallization, the
olivine-plagiociase cotectic is reached, and plagioclase (50%)

fractionates with olivine (40%) and chromite (10%) until 21%
of the parental liquid has crystallized. At this point, the olivine-
opx-plagioclase peritectic is reached, and olivine fractionation
ceases with orthopyroxene becoming the dominant liquidus
phase. In our model, we envisage that all olivine has been
cffectively removed and no appreciable back reaction occurs
at the onset of pyroxene crystallization, This is an oversimpli-
fcation, as pyroxene reaction rims around olivine are present,
especially in the ophitic HA basalts (Neal et al, 1989).
However, this approach is reasonable for demonstrating the
applicability of our model. Plagioclase (30%), orthopyroxene
(60%) and ilmenite {10%) are the crysta]hzmg phases untit
% of the parental liquid is solidified.

We do not consider that 70% crystallization is too high,
especially as some lunar basalts contain evidence of silicate®
liquid immiscibility (SLI) in the mesostasis, In order to achieve
the magma composition necessary for SLI, crystallization must
normally be >90% (e.g., Hess et al, 1975).

Realistic' crystallizing conditions were recreated by calculat-
ing the Fo content of fractionating olivine iteratively, in
crystallization increments of 2% using the Mg/Fe ratio of the
resultant liquid (method of Longhi, 1977). This yiclded a range
of olivine compositions from Fo77.0 to Fo67.4 throughout the
period that olivine was on the liquidus. This does not cover
the Fe-rich portion of the measured range of olivine
compositions reported in part 1 of this stady (Neal et al,
1989), but covers most of the core compositions. The
zonations in olivine are a function of the nucleation density
and growth rate of olivine from the melt, both dependent upon
cooling rate, whereas the core compositions (earliest olivine)

are a direct function of melt composition. During the ficst 7%
of plagioclase fractionation (up to the peritectic), a compo-
sition of An92 was used, Although more calcic plagioclases are
present in these HA basalts (Neal et al, 1989), this
compasition represents the average composition over this
crystallization period. After the peritectic, a plagioclase of
composition An79 was fractionated. Such compositions were
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based upon the zonation observed in mare basalt plagioclases
(Neal et al, 1989). The compositions of chromite
(MG# = 12.6) and ilmenite {MG# = 9,4) were estimated from
analyzed 14321 basalts (Neal et al, 1988a, 1989), and these
were kept constant throughout, Pyroxene compositions in a
crystallizing magma will evolve from Mg-rich to Ca- and Fe-
rich. An average pyroxene composition of Mg# = 48 is used.
This is permissible, since olivine fractionation has already
depleted the magma in Mg,

Results of this modeling are presented in Table 4. The
calculated crystallization path accounts for all the new Apollo
14 high-Al mare basalt data presented in this study. The major
element modeling above allows the proportions of crystallizing
phases to be derived. These are now used in the trace element
modeling. The modeling of the new HA basalts is conducted
using the same KREEP composition as in Neal et al. (1988a)
(15386 “IKFM": Vaniman and Papike 1980). This is taken
15 4 representative KREEP sample.

In the model calculations, the mass assimilated/mass
crystallized (the “r” value in equation (6a) of DePaolo, 1981)
was first estimated as 0.2 by studying the compositions of the
parental basalt and assimilant. As this is basically a basalt-basalt
interaction, the r value will be low. The r value of 0.2 wus
then adjusted slightly in order that the derived AFC path passed
through all HA basalt compositions. This resulted in an r value
of 0.22, The partition coefficients used in our calculations are
presented in Table 3.

Neal ot al.; HA and VHK basalt petrogenesis 153

In Fig. 5, La is plotted against HF for all Apollo 14 HA basalts.
This diagram was used by Dickinson et al, (1985) to
demonstrate the presence of five distinct Apollo 14 basalt
groups. Previously reported HA basale compositions (from
Dickinson et al, 1985; Shervais et al, 1985a; Neal et al,
1988a) are presented as fields (as they will be in subsequent
diagrams), and it is evident that two fields exist. The new
hasalt data go some way toward “"closing the gap” on this plot.
This is also illustrated in Fig. 2b, where a continuous range
of REE patterns is depicted for Apolle 14 HA basalts. An AFC
path has been calculated (using equation 6a of DePaolo, 1981)
between basalt 14321,1422 (taken as parental because of low
incompatible trace element abundances and SiO,, and high
MG#) and IKFM KREEP (Fig. 5). The AFC model must be
extended in order to accommodate the new data, and in all
subsequent diagrams, the AFC path is calculated to 70%
crystallization of the parent and 13.4% KREEP assimilation
(r=0.22). Results of the AFC modeling, along with the
parental magma and assimilant compositions, are presented in
Table 4.

The AFC model can be used to generate an array of REE
patterns between the parental basalt and KREEP (Fig. 6). This
approach is feasible as the new data, combined with that in
the literarure, give a continuum of REE profiles (Fig, 2h). The
gaps present in the REE profiles of HA basalts from Fig. 6 of
Neal et al. (1988a) have largely been filled. Dashed lines
represent the parent and most evolved HA basalt yet analyzed.
Further evidence that the new HA basait data conform with
the proposed AFC model is seen in Figs. 7 ab. In these
diagrams {1a vs. S¢/Sm and Tz vs. Sm/EFu), the new data plot
in approximately the same relative positions in Fig. 7 as in Figs.
5 and 6, The extension of the model to 70% fractional
crystallization is also supported by these diagrams.

The major elements do not appear to fic in as well as the
trice elements in our AFC model. For example, as noted above,
the sample with the highest La abundance does not contain
the lowest MgO. However, although large errors are associated
with the MgO analyses (==+0.5 wt.%), a broad negative

TABLE 3. Crystal/liquid partition coefficients.

Olivine  Pyroxene Plagioclase  Chromite  Ilmenite
K 0.0068 0.014 0.17 0 0
Ba 0.03 0.013 0.686 0.005 0.005
Hf 0.04 0.063 0.05 0.38 1817
Th 0.03 0.13 0.05 0.55 0.55
Sc 04 1.6 0.065 1.5 15
L (0.0001) (0.012) 0.051 0.029 0.029
Ce 0.0001 0.038 0.037 0.038 0.038
Sm 0.0006 0.054 0.022 0.053 0.053
Eu 0.0004 0.1 1.22 0.02 0.02
Yb 0.02 0.671 0.012 0.39 0.39
u (0.02) 0.838 0.011 047 047

Brackets indicate estmiated partition coefficient,

References: Arth and Hanson (1975); Binder (1982); Dostal et al,
(1983); Drake and Weill (1975); Haskin and Korotev (1977); frving
and Frey (1984); McKay and Weill (1976); McKay et al. (1986),
Schnetzier and Philpotls (1970); Villemant et al. (1981).
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TABLE 4. Modeling results for HA basalts (oxides in wt.%, elements in ppm).

Proportion of Liquid Remaining

Parent 0.95 09 086 0.79 0.7 0.6 05 04 0.3 KREEP
i 46.1 46.8 47.6 483 49.1 49.2 404 49.6 49.9 50.3 50.8
TiO, 273 259 244 231 200 214 2.21 230 242 2.65 223
ALO; 113 119 125 13,1 12.8 128 128 129 129 129 14.8
FeO 17.9 174 16.9 164 16.5 1604 16.3 16.1 16.0 15.8 106
MnO 0.23 0.23 0.22 022 0.23 0.24 0.26 0.28 0.30 .32 0.16
MgO 11.1 9.86 8.52 734 675 6.67 6.58 645 6.29 6.05 8.17
Ca0 10.1 107 112 118 1.9 ~11.9 118 11.8 1.8 11.6 9.71
Na.O 048 0.51 0.53 056 0.57 0.54 0.52 0.49 045 0.40 0.73
Ia 3.19 4.60 6.16 7.54 9.86 13.5 18.1 25.0 317 425 83.5
Ce 9.30 129 16.9 20.5 264 35.8 474 G4.6 818 110 211
Sm 2,10 277 351 4,16 5.26 696 9.06 12.2 15.2 20.5 375
Eu 0.62 0.69 077 0.84 091 1.04 119 137 1.60 1.87 275
Yh 3.02 353 4.09 459 543 6.42 7.59 898 10.7 144 244
Lu 044 051 0.59 0.66 0.78 091 1.05 1.32 1.43 1.69 3.40
Sc 64.1 65.6 67.2 686 719 69.3 66.5 63.3 60.2 56.7 236
Ta ‘ 0.45 0.54 0.63 0.71 0.85 1.06 131 1.63 2.03 2.65 4.60
Hf 1.70 225 2.86 3.39 4.29 559 717 103 11.6 14.9 316
Th 0.20 0.36 0.53 0.68 0.94 133 182 242 3.21 4.27 10.0
%
Crystallized 0-14 15-21 22-70
Olivine 90 40 0
Plagiocluse 0 50 30
Pyroxene 0 0 60
Hmenite 0 0 10
Chromite 10 10 0

References, Neal ef al, { 1988a); Vaniman and Papike (1980).
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Fig. 6. Chondrite-normalized plot for the REE generated by
the AFC model (Table 4) for HA basalt compositions. Values
represent amount crystallized/amount assimilated.

correlation exists between MgO and La (Fig. 8), indicative of
fractional crystallization. However, our model requires an AFC
process to generate the ranpe of HA basalt compoesitions. We
consider that the assimilant does exert an effect upon the
major elements, and modeling these by fractional crystallization
alone may be an oversimplification. Skib (1977) noted an
inverse correlation between MG# and incompatible ¢lements
in KREEP basalts, the opposite of what is expected. Therefore
prolonged assimilation of a KREEP basalt composition could
increase the MgO content of the residual magma, while also
increasing the incompatible elements. Although MG and La
have a broad negative correlation, such a scenario could
account for the dispersion in the MgO data.

VHK Basalts

Since the discovery, characterization, and definition of VHK
basalts (Warner et al, 1980; Shervais et al, 1985h), it has been
hypothesized that granite assimilation by a HA basalt has been
the key to their petrogenesis (Shervais ef al, 1985h; Shib et
al, 1986). However, the unusually low HFS elements in VHK
basalts would appear to negate this theory. Shervadis ef al
(1985b) and Warren et al. (1986) proposed that preferential
assirnilation of grnitic feldspars would overcome this problem,
and still yield a- VHK composition. Neal et al, {1988b)
proposed an AFC process (after DePaolo, 1981), invelving
lunar granite and a HA magma, in order to generate VHK
basalts, This model generates the low HFS element concentra-
tions, as well as the high LIL element abundances. Assimilation
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.

of granite is supported by the presence of Kfeldspar and K-
rich glass in VHK basalts (Nea! et al, 1989), Such K-rich
compositions cannot be generated from a HA basalt by
fractional crystallization alone. One surprising outcome of this
approach was that no one parental HA basalt can generate all
VHK compositions. This argues not only for more than one
VHK basalt flow, but also a KREEP component in the VHK
compositions. This is necessary because more evolved HA
basalts are required as parental magmas for some VHK
COmpositions. :

The VHK basaits fall between HA basalts and lunar granites
on trace-element plots. In Figs. 9-11, all VHK data are plotted
as points, and Apollo 14 HA mare hasalts and lunar granites
are plotied as fields. For the purposes of illustration, three
parental HA compositions are used in the AFC calculations:
(1) primitive (14321,1161 of Shervais et al, 1985a);
(2) intermediate {14321,1443 of Neal et al, 1988a); and
(3) evolved (14321,1542, this study). These compositions

(Table 5) span the entire range of Apollo 14 HA basalts. The
fractionating phases are kept the same as reported in Neal et
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Fig. B. Lanthanum (ppm) vs. MgO (wt.%) for the “new” HA
basalts.

al. (1988b), as major-clement compositions of the new VHK
basalts are similar to those previously reported (Fig. 3). The
r value of 0.5 is the same as in this previous study. This higher
value is required because granite has a lower melting point
than basalt. The partition coefficients used are given in Table
3. As an extension of the model proposed by Neal el al
(1988b), we have used not only an average granite and
composition 73255¢ (trace eletent poor) as assimilants, but
also felsite 12033,517 (trace clement rich) of Warren et al
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(1987). This approach allows the compositional variability of
lunar granite to be accounted for in our model for VHK basalt
petrogenesis. Results of AFC modeling for VHK basalt
petrogenesis are presented in Table 6.

Figure 9 is of La (ppm) vs. %K, a classic plot for VHK basalts,
The diagram has been split into three parts in order to cleasly
demonstrate the calculated AFC paths (using equation Git of
DePaolo, 1981) between each parental basalt and granite
assimilant. In Fig. 9a, basalt 14321,1161 is taken as parental
An interesting feature of this plot is that all VHK basalt
compositions cannot be generated from this parent magma and
one granite compoesition as the assimilant. In order to generate
VHK basalts with high Lz abundances, ,1161 must assimilate
a granite similar to 12033,517, whereas in order to generate
those VHK basalts with lowest La abundances, ,1161 must
assimilate a granite similar to 73255c. It is possible to generate
those contzining intermediate La abundances by ,1161
assimilating a granite similar to the average composition.
However, in order for magma ,1161 to genenite VHK basalts
with high La abundances, it must assimilate up to 17.5% of
granite 12033,517 (Fig. 9a). Such a large amount of granite
assimilation will dramatically affect the major element
composition of the resulting VHK basalt (ie., the major
elernents would no longer be dominated by the parental basalt;
elements such as Si and Al would be greatly affected). In order
for granite to not adversely affect the major element
compositions of VHK basalts, a maximum of only 10% can be
incorporated. Therefore, basalt ,1161 cannot be parental to
VHK basalts with high La abundances. However, it may
reasonably be considered parental to VHK basalts with
intermediate and low La abundances, as these compositions
can be generated by a maximum of only 8% assimilation of
average granite and 73255c¢, respectvely (Fig. 9a).

In Fig. 9b the VHK basalts with intermediate La abundances
are better represented by using basalt 14321,1443 as the -
parental magma and either the composition of average granite
or 73255c, A maximum of 7% assimilation of average granite
or 73255¢ is required to generate these VHK basalts. The VHK
basalis containing the highest abundances of La are generated
by using basalt 14321,1542 as the parental magma assimilating
a maximum of 7.5% average granite ar 73255c (Fig. 9¢).

In Fig. 10 Th (ppm) is plotted against %K, an element
difficult to model for VHK basalt petrogenesis (e.g., Shervais
et al, 1985b). As in Fig, 9, this diagram has been divided into
three parts. Using the 10% maximum as a2 reasonable upper
limit for granite assimilation in VHK basalt petrogenesis, a
similar picture is defined as in Fig. 9. All VHK compositions
with low and intermediate Th abundances can be adequately
modeled using parental basalt ,1161 and granite 73255c¢ and
average pranite, respectively (Fig. 10a). For VHK basalts with
low Th abundances, 8% assimilation of 73255¢ is required. For
those with intermediate Th abundances, 8% assimilation of
average granite is required. However, those VHK basalts with
intermediate Th abundances are betier represented by our AFC
model if basalt ,1443 is the parental magma and granite
73255c is the assimilant (Fig. 10b). A maximum of 7.5%
granite assimilation is required to generate these VHK
compositions. The highest Th abundances (Fig. 10c) are
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TABLE 5. Modeling parameters for VHK basalts (ppm).

157

Parental Magmas Assimilated Granite

1161 1443 1542 73255¢ Avp, Granite 12033,517
K 564 747 2989 62665 58864 24905
Ba 32 130 230 5470 4490 4540
Hf 1.78 543 154 16.0 154 368
Th 0.20 1.50 7.30 9.50 423 40,0
Cr 3660 3485. 2040 70 414 480
L1 2.89 13.5 39.7 203 50.7 82.0
Ce 840 350 105 50.0 123 199
Sm 211 7.59 123 6.74 167 277
Eu 0.56 112 1.78 271 2,52 3.10
Yb 289 6.33 12.2 10.3 24.7 36.7
Lu 047 091 159 1.50 371 5.80

References: Shervais et al. (19852); Neal et al, (1988, Blanchard et al. (1977Y; Blanchard and Budabn (1979); Quick

el al. (1977); Warren et al. (1983); Salpas et al. (1985).

generated between the parental basalt ,1542 assimilating up
to 7.5% of either average granite or 73255c (as for La in Fig,
9c).

When Hf (ppm) is plotted against %K (Fig. 11), a similar
scenario is witnessed as in Figs. 9 and 10. Very high potassium
basalts with low Hf abundances can be generated by a
maximum of 7% granite assimilation (either 73255¢ or average
granite) by parental basalt ,1161 (Fig. 11a). Very high
potassium basalts with intermediate Hf abundances cannot be
modeled by this parental magma, but can be generated by
using parental basalt ,1443. A maximum of 7% granite
assimilation (either average granite or 73255c¢) is required
{Fig. 11b). Basalts with high Hf abundances are genersied by
parental basalt ,1542 assimilating 7.5% of either 73255¢ or
average granite (Fig. 11c).

The fact that there is a slight variation (+1%) in the amount
of required granite assimilation for different elements in VHE
basalts of lpw, intermediate, or high incompatible element
concentrations is not a problem. Such a small vagiation is well
within error of the AFC calulation. Another outcome of our
modeling is that VHK basalts with low, intermediate, or high
incompatible element abundances are generated by primitive,
intermediate, and evoived parental magmas, respectively.
Although VHK basalts with intermediate La and Th concen-
trations can be modeled by parental basalt ,116%, Fig. 10
demonstrates this is not the case for Hf abundances. The
“paralleling” of the VHK basalt with parental HA basalt (i.e,
low incompatible element VHK basalts = primitive HA basalt
parent, etc.) leads us to conclude that the parental magma not
only dominates the major elements, but also the trace-element

Fig. 10. Percent K vs. Th {ppm) for HA and VHK basalts, and
lunar granite. The AFC paths have been calculated (tick marks
represent 5% increments of fractional crystallization—2,5%
granite assimilation) between the parental HA basalts and
granite assimilants 12033,517, average pranite, and 73255c.
A: HA basalt 14321,1161 is wken as parental; B: HA basalt
14321,1443 is taken as parental; C: HA basalt 14321,1542 is
taken as parental.
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TABLE 6. Modeling results (ppm) for VHK basalts.

F Value K Ba Hf Th Cr Ia Ce Sm Eu Yb Lu
1161/Average Granite
095 3690 312 267 243 3480 571 153 310 0.72 432 0.69
0.90 7162 614 3.64 4.88 3301 8.84 23.0 4.20 0.90 590 0952
0.85 11039 BY8 473 7.59 3147 123 316 542 1.10 7.66 119
0.80 15398 1298 5.94 10.6 3091 16.3 413 G.80 133 962 148
1161/73255¢
0.95 3890 321 270 071 3463 411 118 2,57 073 3.57 057
0.90 7584 641 3,71 1.26 3266 546 14.9 309 092 431 0.68
0.85 11709 998 4,83 1.88 3096 6.98 187 3.67 1.14 5.14 0.80
0.80 16347 1398 6.08 257 3023 8.68 230 431 1.38 6.06 0.94
1161/12033,517
0.95 1904 272 379 2.31 3483 7.36 193 3.68 0.75 . 4.95 (.80
0.50 3391 538 6.00 462 3307 123 314 542 097 7.25 1.16
0.85 4995 821 8.39 712 3157 17.7 446 730 1.19 9.68 1.54
0.80 6532 1070 10.7 9.54 3104 229 574 5.10 1.33 12,1 1.92
0.75 8144 1336 13.0 120 2426 284 70.7 111 149 14.2 2.23
0.70 9901 1624 15.3 147 1770 34.5 85.2 13.1 1.67 16.2 252
0.65 11850 1938 179 17.6 1275 41,0 101 154 1.86 184 2.84
0.60 14024 2282 20.7 20.8 907 485 119 18,0 207 20.7 3.16
i 1443/Average Grarnite
0.95 3863 364 648 378 3421 168 432 8.85 1,24 792 1,15
0.90 7154 608 751 6.16 2828 20.3 52,1 10.2 136 9.39 136
0.85 10684 868 8.55 867 2064 241 61.4 11.6 1.51 10.8 1.5
0.80 14595 1151 9,68 114 1485 283 71.8 13.2 1.66 12.2 1.74
1443/73255¢
0.95 4063 415 6.51 2,06 3404 15.2 394 833 1.25 7.17 1.03
0.90 7561 711 7.57 264 2799 17.0 44.2 .10 - 1.39 7.87 112
0.85 11316 1027 8.65 3.25 2027 12.0 49.1 992 1.54 846 1.19
0.80 15476 1371 9.82 3.93 1442 21.2 54.6 108 171 9.09 1.27
1443/12033,517
0.95 2084 367 7.60 3.66 3425 185 47.2 9.43 1.27 855 1.26
0.90 3497 614 0.80 391 2834 23.8 60.1 114 143 10.7 157
0.85 5013 876 121 8.29 2071 204 739 13.4 1.61 127 187
0.80 . 6693 1163 14.5 109 1493 357 823 15.7 179 148 218
0.75 8564 = 1476 17.2 138 1063 428 106 18.3 199 17.1 251
0.70 10664 1821 20,1 17.0 748 50.8 126 21.1 221 19.5 286
0.65 13036 2203 234 20.6 522 59.8 147 244 244 221 3.22
1542/4verage Granite
0.95 6215 471 16.6 9.78 1508 44.4 117 19.3 192 13.5 1.77
0.90 9778 732 180 125 1102 49.5 129 21.2 207 15.0 1.96
0.85 13734 1017 19.4 15.5 796 55.2 144 233 2,24 16.5 2,16
0.80 18153 1330 21.0 188 357 617 160 25,7 241 18.1 237
1542/73255¢
0.95 6415 522 16.7 B.06 1493 428 113 18.8 1.93 128 1.66
0.90 10199 838 180 B.90 1075 46.1 121 20.1 209 134 173
0.85 14400 1184 19.5 9.82 761 499 131 216 227 141 1.80
0.80 19093 1563 21.1 10.8 528 541 141 232 245 14.8 1.88
1542/12033,517
0.95 4433 473 17.7 9.66 1511 46,0 121 19.9 1.95 142 1.88
0.50 6029 737 203 12,2 1107 53.0 138 224 214 16.2 2,18
0.85 7800 1026 23.0 151 803 607 157 25.3 233 18.4 250
0.80 9779 1342 26.1 182 578 G5.5 178 284 2,54 208 283

0.75 12006 1691 294 21.7 415 79.3 203 320 277 233 3.19




composition of VHK basalts. As a maximum of 8% granite
assimilation (of either 73255¢ or average granite) is required,
it appears that only K is radicalfy affected (see Figs. 9-11).

The conclusion of Neal et al. {(1988b) requiring at Ieast two
VHK basalt flows at the Apollo 14 site can be modified. Our
modeling suggests that there must be at least three parental
HA mapgmas required to generate the observed VHK basalt
compositions. The range in VHK basalt textures and mineral
compositions (Neal et al, 1989) is consistent with the whole-
rock chemistry. For example, VHK basalts containing no olivine
have high abundances of incompatible elements (i.e., evolved
mineralogies and whole-rock compositions). Conversely, VHK
basalts, which are finer grained and contain high-Fo olivine
phenccrysts, contain lower abundances of incompatible
elements (ie, are more primitive). The more evolved VHX
basalts came from an evolved HA parental magma and vice
versa. As demonstrated above, HA basalts form 2 contiouem
of compositions as a result of KREEP assimilation. We regard
VHK basalts as offshoots from this HA basalt evolution trend
by granite replacing KREEP as the assimilant, This adds support
to a KREEP-granite relationship as suggested by Ryder (1976)
and Neal and Taylor (1988). Once again, the importance of
lunar granite cannot be overemphasized in light of the new
VHK basalt clasts recovered from Apolio 14 breccias.

The recent work of Dickinson et al. (1988) has highlighted
the importance of the siderophile element concentrations in
Apollo 14 HA and VHK basalts, These authors noted that the
Ge abundances in both HA and VHK basalts could not be
genernated using the proposed end members of our AFC model.
Rather, Ge must have been enriched by severtl orders of
magnitude over observed concentrations in 15386 KREEP and
twice that in lunar granite. However, we do not feel that this
negates the proposed AFC models for HA and VHK basalt
petrogenesis. A pure KREEP composition has not as yet heen
defined. KREEP may be the magma composition either prior
to silicate liquid immiscibility (SLI) or a mixture of the high-
5i0; and high-Fe SLI melt products (Neal and Taylor, 1988,
1989). Dickinson et al, (1988} suggested that Ge partitions
into the high-Fe melt during SLI. Therefore the Ge abundances
in Apollo 14 HA and VHK basalts may be generated by the
following scenario. The HA basalts are formed by assimilation
of a KREEP component dominated by the high-Fe SLI melt
product (“REEP-Frac™). This contains high abundances of REE
(Neat and Taylor, 1989) and Ge (Dickinson et al, 1988). This
would also reduce the amount of crystallization and KREEP
assimilation required by our present illustrative model in order
to generate evolved HA basalts. Very high potassium basalts are
produced by granite (“K-Frac"), replacing KREEP as the
assimilant. As the VHK basalt compositions are basically
controlled by the parental HA magma, high Ge abundances are
inherited from the KREEP component, not granite. The work
of Dickinson et al. (1988) emphasizes the need for further
considerations of the composition of “pure” KREEP.

CONCLUSIONS

The analysis of new Apollo 14 basalt clasts has allowed the
testing of previcusly formated models for HA and VHK basalt
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petrogenesis (Neal ef al, 1988ab). The results demonstrate
the validity of these models, as the new major- and trace-
clement data can be accommodated, with only minor
refinements. These refinements require that the parental HA
basalt undergo 70% fractional crystallization (15.4% KREEP
assimilation) in order to generate all HA basalt compositions
at the Apollo 14 site. Furthermore, the new data emphasize
the continuum of HA compositions. A review of Apollo 14 HA
basalt isotope data is at present being undertaken in order to
further test our AFC model. We predict that the more evolved
HA basalts will exhibit slightly higher 5r/*Sr and slightly
lower "Nd/"'Nd ratios than their more primitive counter-
parts. This reflects the higher Rb/Sr and lower Sm/Nd ratios
in the KREEP assimilant.
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Fig. 11. Percent K vs. Hf (ppm) for HA and VHK basalts, and
lunar granite. The AFC paths have been calculated (tick marks
represent 5% increments of fractional crystallization—2.5%
granite assimilation) between the parental HA basalts and
granite assimilants 12033,517, average pranite, and 73255c.
A: HA basalt 14321,2161 is twken as parental; B: HA basalt
14321,1443 is taken as parental; C HA basalt 14321,1542 is
taken as parental,
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The modeling of VHK basalts by AFC has resulted in at least
three VHK basalt flows being identified at the Apollo 14 site.
These contain low, intermediate, and high abundances of
incompatible elements, respectively. The use of pranite
12033,517, in addition to 73255¢ and the average composition
as assimilants, allows the variability of VHK basalt compositions
to be accounted for. Both the major and trice-element
concentrations of VHK basalts zre controlled primarily by the
parental magma, as the maximum amount of granite assimi-
lation required to generate VHK compositions is only 8%. Only
K appears to be radically affected. The high Ge abundances
in Apollo 14 HA and VHK basalts may require a reevaiuation
of the KREEP assimifant used in our modeling. The results
presented above demonstrate the intricate nature of basalt
petrogenesis at the Apollo 14 site and emphasizes the
likelihood of a granite-KREEP association within the lunar
Crust, .
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