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Abstracl. New data are presented for !h"
concentratfons of 23 Lo 27 etements in nine
Apollo 15 surface soil samples, two subsPlits
each of L2 splits of core 60002-7 , and one
subsplit eaeh of 10 splits of drive tube 64002.
The surface soils are generally similar to other
surface soits collected at their respective
stations. A11 Een 64002 samPles are similar to
each other and to the station 4 surface soils and
distinctly different from soils at other sta-
tions. High iron concenEraEions previousLy
reported for these same subsplits of 60002-7
result primarily from meteoritic metal. One

sample from each core is contaminated by stain-
tess steel. The recently proposed ferroan anor-
thositic norites are required to explain the soil
compositions. A yet uncharacterized component
with high concentrations of Na, Sr, and Eu is
also needed.

Introduction

Despi te Lhe large quantity of published data
on the bulk composition of APollo 16 soils, there
have remained several large gaPs in the data base
[Korotev, 1981]. As several of these aPPeared to
obscure understanding of the significance of the
data as a whole, this project was underLaken Eo

fill the gaps and to answer some questions raised
by Korotev [ 1981 J . New data for the concentra-
tion of 23 to 27 elements are presented here for
nine surface soils. Previous data for most of
these were lacking or inadequate for composi-
t,ional characteri zaEion. In addition, data are
presented for two subsplits each from twelve
splits of the 60002 Lo 60007 drill core and one
subsplit each from ten splits of the 64002 drive
tube, Discussion of Lhe signif icance of the neld

data relies heavily upon the data base, model,
and discussion developed in Korotev [ 1981 J. The
present work is part of a continuing effort, Eo

characterize the comPositionally distincE comPo-
nents of the Apollo 16 sit,e.

Exper iment al Method s

Samples were weighed and seaLed into 4 mm

(outside diameter) ultrapure fused silica tubing'
(tZt Suprasil, Heraeus-Amersi1, Sayreville, New

Jersey), which \{as washed with hydrochloric and
nitric acids soluLions prior to use. For the
surface soils and t large t samples of 60002-7 'nominal 40-50 mg sample mas ses lrere used . For
the 64002 and t smal l t 60002-7 samPles , the nomi-
nal 10-20 mg sample spIits originally allocated
to R. V. Morris rilere used. The entire sample oE,
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i f thi s exceeded LZ mB , an 1 1-12 mg port ion ltas
anal yzed in order to take full advantage of the
precision of the opticat scale of the microgram
balance used to weigh the samPles. Samples and
standards ltere initial ly irradiated in three
separate experiments for 30-50 hours with a
thermal neutron flux of 3.5 x 1013 cm-2s-1 in the
University of Missduri-Columbia research reactor.
Samples were each radioassayed twice in the tubes
in which they rtere irradiated, once between 6'L2
days and again between 27 -32 days fol lowing the
irradiation. The two radioassays were a nominal
8 and L2 hours in duration. Periodic checks of
empty Suprasil tubes (each 0.6 to 0.8 g in mass)
indicate negligibLe blank contributions for
samples of this mass and composition. Af ter the
second radioassay some samples were transferred
and weighed into polyethylene vials. In a single
experiment 2-4 months foLlowing the initial acti-
vations Ehese samples were individually reacti-
vated for 0.5 to 1.0 minute and inurediately
radioassayed for short lived isotopes to yield
data for A1 , Ca, LIg, V, and IuIn. Ganrna-tay sPec-
tral data lilere reduced wi th the TEABAGS Programs
of Lindstrom and Korotev [ 1982 I .

The following comparator standards were used.
The concentration value used is listed in Paren-
thesis (same units as Tabt'es 1-3). USGS basalr
BCR-I : FeO (12.1), Na 0 (3.27) , Sc (31.6), Co
(36.0), zr (218), Cs (0.94), Ba G75), La (24.6),
ce (53.7), sm (6.80), Eu (1 .92), Tb (1.10), Yb
(3.37), Lu (0.526),IIf (5.2), Th (6.0)n and U

Q.t4); uscs peridorire Pcc-l : cr QllO ) and Ni
Q34O) ; Knippa basalt ( in-trouse standard ) : Mn
(1550), sr (1010), and Ta (6.3); Grr-rwc anor-
Lhosite AN-G: A1 0 (29.8), CaO (15.9), and V
(70); and synthetic diopside: I'tgO (17.6). For
Ir. , no standard was used I concentration val-ues
rdere calculated from the 468 keV photopeak of

Ir using the perEinenE nuclear and deEector
ef f iciency pararneters. Because of the uncer-
tainty in Lhese parameEers, particularly the fLux
and neutron capture cross section, all Ir concen-
trations may be systematicaLly high or low. The
rat io of Ir concentrat ions determined in thi s

manner to the Ni concentrations averages 3.0x16-5
for the various soils. This ratio falls comfort-
ably within the rather wide range of Ir/Ni ratios
reported by KrHhenbUhl et al. [1973] for Apollo
16 soils and separates Ehereof. Although the
sample to sample precision for Ir is better Ehan
0.5 nE/ E, the values may be systemaEicatly high
or low by an amount noE expected to exceed 2O%.

Samples Studied

Surface Soil s

Korotev [1981 ] concluded
samples collected from. the
16 site ( i . e. , not core or

that of Ehe 42 s oi 1

surface of the Apollo
dril1 soils) existing
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TABLE 1. Element Concentrations in Nine Apollo 16 Surface Soils

Soil
Split

60051 61181 Srn.l
91 28 Mean

62231 6481 I 65501
13 45 7I

65511 Srn.5
L2 Mean

66031 67511 67960
47434

o
%

A1 203
Fe0
Mgo
Ca0
Na 20
Sc
V
Cr
Mn
Co

Ni
Sr
Zr
Cs
Ba
La
Ce
Sm

Eu
Tb
Yb
Lu
Hf
Ta
Ir
Th
U

27 .8 25 .2
4.50 5 .54
5.6 5.9
L5 .7 14.4
a.446 0.463
7 .83 9 .26
19. 2L.
612. 760.
47 6. 535 .

2L .3 3l .5
250. 435,
165 . 180.
165. 185.
0.10 0.18
r08. 139.
10.06 L2.43
27 .0 33.9
4. 88 5 .92
1.119 1.185
1.04 L.28
3.42 4.L7
0.501 0. 593
3.89 4.69
0.526 0.554
7.6 15.9
L.76 2.09
0.46 0.54

26.6 25.5
5 .4 5.60
6.0 6.4
15.6 L4.5
0.495 0.444
9.2 9.28
20. 22.
720. 73L.
540. 565.
25.5 35.3
340. 485.
160. 165.
161 . 165 .

0. 14
L23. L29 .

L2.I 11.00
32. 29 .7
5.6 5.29
1, 19 L.L29
1. 15 1, 13

4.0 3.70
0.58 0.518
4.0 4.r7
0.49 A.527

14.8
1.8 1.98
0.54 0.48

27 .0 25 .6
5.56 6.02
5.1 7.0
14 .6 L4 .2
0.462 0.473
9 .27 10.18
2L. 20.
733 . 830.
567. 581.
35.5 36.4
465. 515.
165. 155,
225. 2I5.
0.17 0.16
159. r75.
14.2L 14.7L
38.3 39.5
6.82 7.03
1.185 1.211
r.44 L.49
4. 83 4 .gg
0.684 0. 704
5.67 5.48
0. 758 0.740
14.8 14. I
2.58 2.77
0. 70 0. 70

47 .66 47 .63 43.85

25 .3 26.2
5 .82 5.95
6.7 6.25
14.2 15 .0
0 .47 4 0.45
10.59 10. I
24. 25 .

847. 790.
610. 590.
26.3 31.
370. 430.
165. L62.
240. 205.
0.17
L72 . I 30.
15.90 L4.4
42 .7 37 .5
7.56 6.7
1.233 L.24
1.59 L.44
5 .35 4.9
0.751 0.71
6.15 5.1
0.934 0.54
10.5
2.84 2.2
0.74 A.67

50.31

26.7 28.6
5 . 80 4. 10
6.8 4.0
L4 .6 L5 .7
0.440 0. 390
9 .95 8. 18
22. <20.
777. 500.
582. 493.
34.2 7. 18
480. 55.
155. 155.
zLO. 51.
0.12 0.08
L44. 45 .
13.55 3.42
36.8 g .24
6.50 I . 71
L .L92 0.968
L.37 0.39
4,55 L.34
0 .642 0. 191
5.01 L.24
0.685 0.L92
15.4 L.7
2.49 0.51
0.70 0.158

n.a. 3

4.56 I
n.a. L2
16. I 5

0.527 I
7 .76 I
n.a. 25
624. 1

n.a. 3

L6.2 I
2L5. 5

L75. 6

r75. 8

0.13 20
L27. 4
10. 14 1

27 .6 2

4.77 2

L.248 2

1.04 4
3.53 2

0.519 3

3.77 2

0.532 3

5.3 (5 )
1.88 5

0.51 8

Mas s (ng ) 44 .30 43 . 19 40.50 68.05 55 . I I

Element concentrations in Ug/g, except nglg for Ir and cg/g (Z) for oxidee (total element as oxide).
One stcndard deviation (percent) estimates of analyticaL precision are included. ALso included for
comparison are the stations I and 5 means of Korotev [f9811.

compositional data for seven samples rdas inade-
quate for accurate chemical characterization.
Hence these seven samples were analyzed for this
work i 61181 , 6223L, 6481 1, 6551 1, 56031, 674LL,
and 67960 . (fnis conclusion, however, r{as based
on the inadvert,ant oversight of the data of
Taylor et al. [1973 ] for several soils, includitrg
61181 . 6703L, r,*rich is not a true soil but a
dis aggregated portion of rock 67035, is not
included in this count. ) 67960 has not been
sieved. Prior to analysis of the 55 mg subsplit
used here several )hmn particles were removed.
In addition to these sevenn samples of 50051 and
65501 were analyzed. Although some data rrrere
available for these soils additional data was
needed to confirm their special significance.

Dri11 core 60002 -6000 7

In their study of the 50002-7 drill core Gose
and I'lorris IL977l reported twelve splits (of 2L2)
with total FeO concentraEions rangittg from 7.0 to
8.7%. (rne recalibration of Morris et al . [1978]
would lower these values only t tt"gligibly t . ) No

Apollo 16 surface soil exceeds 5.Li( Fe0. A1-
though the l ike ly expl anaL ion rdas the pre s ence o f
metallic iron in the sma1l ( IO-ZO mg) samples
analyzed, the interesting possibility existed

thaE some of these soils were truly more enriched
in elements associated with mafic minerals ( i . e. ,
Fe, Dlg, Ti, Sc, Cr, and Mn). This could be im-
portant to the understanding of Ehe fmafic com-
ponent(s) t of the Apollo 16 soils and breccias
[e.g., Korot,ev, 1981J. In order to evaluate the
cause of the high iron analyses of Gose and
Morris lL977l, two subsplits of each of Lhe
twelve high-Fe sample splits rdere anal yzed, One
hras the returned sample of Go se and Morri s

1L9771; the other was a separate 40-50 mg sub-
split.

Drive tube 64002

Although the distinction is subtle, the four
surface soils collected at station 4 have a
composition different from those collected at the
other Apollo 15 sampling stations. The major
element composition of Ehese soi ls is similar to
that of the North Ray Crater soils of station 13
and some from station ll, but they are more en-
riched in LIL ( large ion lithophile) elements.
There is also a greater variability in compos-
ition among the four soils at sLation 4 than
among those collecEed at any other station except
I l. Korotev [ 1981 ] interpreted their composi-
Eions as inixtures of anorthosite with material
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such as the stations 5 and 6 soils and postulated
South Ray Crater as the source of the anortho-
site. These distinctions plus the considerable
difference in composition between the station 4
and station 5 soils (bottr collected in Stone
Mountain about 0.5 km apart) make the station 4
drive tube potentially t"ty interesting. The ten
samples anaLyzed from 64002 were selected, oD the
basis of the FMR studies of Morris and Lauer
ItgAZ], to yield Ehe range of compositions expec-
ted within the corb. The subsplit anal yzed'was
the same subsplit analyzed by Morris and Lauer
[1982].

Data Presentat ion

AnaJytical"resulcs are listed in Tables l, 2,
'and 3 along with core sampte depths and the one'btandard deviation estimate of analytical- preci-
sion. These percentages apply to typical concen-
trations but must be increased by a factor of two
or even thrbe for the lowest concent,rations re-
ported (".g. , 67960 ) . These estimates are pri-
marily t counting statistics t but include contri-
butions from other well-evaluated sources of
random uncertainty. They do not include any
systematic error due to uncertainty in the
standard vaiues; No standard material useful for
establishittg Ehe overall analytical accuracy htas
included in the analyses. However, the mean
composition of soils from stations I and 5 from
the compilarion from many sources by Korotev
[ 1981 ] are included in Table l. These can be
compared wifh the results reported here for 61 181
and similar 6223L and with results for 65501,
65511, and similar 66031.

Apollo 16 soils are all quite similar in
composition, which complicates data Presentation.
Two visual rnethods are used here wirich are
intended to be complimentary: a simple variation
diagram and a 3-component mixing diagram.

In Figurb I concentrations of Sm are Plotted
against those of Sc for all Apollo 16 surface
soils and the core samples of Tables 2 dnd 3.
Each surface soil is represented by its station
number; those anal yzed for this work are under-
lined. This variation diagram is useful because
it compares a typical LIL element with one t,hat
correlates well with mafic mineral content but is
unaffected by meteoritic or Eerrestrial metal
contarnination. As there is a strong negative
correlation of Sc wirh A1 in' Apollo f6 soils, the
approximat e ( t O .57" A1 0 ) concent rat ion of A1 0
is also indicated on the plot for reference.

Despite the utility of such a variation
diagram, it can only show the concenLrations of
two or three elements at once. Korotev [ 1981 ]
has argued that because at least three general
components are necessary to account for the
compositions of the lunar highland soi t s , a more
useful tool than any single vari.ation diagram for
comparittg the bulk composition of highland 'soi1s
is !h" plotted results of the FAN-KREEP-HON
mixing model [Korotev eL a,l . , 1980 ] . The rirodel
takes into eccount the concenErations of up Eo 30
elements , thus minimi z:-ng that part of the
scatLer in a diagram such as Figure I which is
due to analytical imprecision. Apol 1o 16 soil s

(as well as soils from other highland sites) are
well modeled as mixtures of ferroan anorthosite
(reN), KREEP [I.Iarren and wasson, 19791 , highlands

SOIL COMPOSITIONS M7L

olivine norite [ttOn, Korotev et 31 ., 1980J, and a

minor meteoritic component. Mixing, model results
for the three major components can be plotted on
a triangular diagram (or a portion thereof, Fig-
ure 2)., The mixing diagram is ,a visual device
for comparing the bulk composition of the soils.
It is in many respecLs analogous to resolving a
rock into its normative mineral components or
plotting a pyroxene compositiori on a pyroxene
quadrilateral: treatment of the data in this
manner does not necessarily imply that, the soil,
rockr or pyroxene is a physical mixture of the
end member componenL s , onl y that the compos i t ion
can be expressed as a mixture. Indiscriminant
rellance upon mixing models such as this, hciw-
ever, can obscure subtle but significant compos-
itional characteristics if these are not capable
of being expressed by the model componenLs. In
this regard the FAN-KREEP-HON model does not
account for the higher Mg/f'" rat io and/or high
Na, Sr, and Eu concent,rations of -.sonie Apollo 16
soils.

Figure 2b is dn updafed version of Figure 4 of
Korotev I lggt ] . It includes results for the data
of Table I combined with any other relevent ana-
lytical data available for these soils I see
references under tData Base, I KoroLev, 1981 I .

Figure 2b contains one point for each Apollo 16
surface soil. Each soil has bben t graded t A, B;
or C by the criteria of Korotev [ 1981 ] to reflect
the quantity and quality of available analytical-
data. These gtades are indicated by Ehe size of
the points. Several soils have been tpromotedr a
grade based on Lhe additional data.

Results

Surface Soil s

Of the seven .sur f ace soi ls anaLyzed for whi ch
there rrere few or no previous data, two , 67 5l I
and 6551 1, are distinctive in having respectively
lower and higher LIt element concentrations than
any of the previously characteri zed soils (ais-
countirrg 677LL which is compositionally anoma-
lous; see (.orotev, [19811). Iioth, howeverr €lf€
only t slightly I distinctive in this regard and
are generally similar to Lhe other soils collec-
ted at their respectivb stations . 65511 has REE
( rare earth element ) concenE,rations 7'8% higher
than 65501, which was regarded by Korotev [1981]
as the most tmaf ic t and Lll-elemenL rich surface
soil. With inctusion of the new data for 65501,
the ratio of mafic components to anorthositic
components (".g., HON + Knnfp to FAN) for this
soil is similar to that for 6551 1 and 66081 .
Hence t,hese three soils are the best represen-
tatives among the surface soils of the tCayleyt
soii component dipcussed by Korotev I tggt J .

LIL element concent,rations in 64811 are 257"

greater than in 64801 and 6442I, two othei
station 4 soils with similar Al 0 concenEra-
tions. Korotev t 1981 I argued that the station 4
(and station 8) soils rdere compositionally equiv-
alent t,o mixtures of the Cayley soil componerit
(above) wittr anorthosite (Figures 1 and 2>.
Although 64811 plots high on the FAN-KREEP-HON
mixing diagram (tr'igure 2b> compared t,o other
soils on the station 5-8-4 mixing trend, its
composition is well duplieated by,a S9-11 mixLure
of 65511 and anorthosite (pAn) . Thd addi'tional
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TABLE 2.
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Element Concentrations in Two SubspliEs Each of Twelve Splite from Apollo 16 Core 60002-7

Parent
Subsplit
Depth ( cn)

_%633 s13
L94.2

_50001,40.__ 6000?_ 4632 504 L7 49 387
L87, .7 180.4

6099l_, ry 60003 J_02 _golr-l-eq._
17 48 418 1747 421 546 503

150.4 L47.L L37.3

FeO (ctu) t
Fe0
Ca0
Nt zo
Sc
Cr
Co
Ni
Sr
Zr
Cs
Ba
La
Ce

8.7
5.56 9 .73
15.8 L3.7
0. 507 0.472
9.34 9.52
736. 796..
31.6 157.1
4r5. 2230.
190. 190.
2I0. 205.
0. 16 0. 17
r45. L62.
L2.5 13.2
34.3 37 .4
5.93 6.42
I.20 L.I7
L .27 r .46
4.2L 4.37
0.619 0.668
4.54 4.86
0. 66 0. 69
L2 .7 106 .

2.25 2.75
0.55 0.6r

7.0
6.70 6.63
14.9 14.0
0.458 0,475
10.09 10.04
908. 869 .

49 .L 48.5
915. 825.
200. I 70.
2L5. 195.
0. 11 0. 14
L49 . L46.
12.6 12.8
34.5 35.6
5 .96 6 .45
1. 16 1. 16
L.25 1.38
4.39 4.59
0. 643 0. 678
4.70 5.06
0.70 0.67
28. 25.
2.6 2.7
0. 61 0. 65

7 .L
5 .86 5.85
15.3 14.4
0.485 0.47 L

L0.23 9 .95
818. 807 .

30.0 30.9
480 . 495.
170. 175.
245. 200.
0. 18 0. 11
L64. L57 .

L3 .2 12 .5
36.8 34.8
6 .37 6.08
1. 19 1. 18
1.34 1.31
4.70 4.3L
0. 688 0. 655
5 . 10 4.86
0 .72 0 .62
L3 .7 L4.9
2.8 2.2
0. 65 0. 55

7 .5
5 .97 5.40
15.4 14.1
0.47r 0.448
L0.42 g .84
833 . 934.
33.5 26.0
475. 385.
165. 165.
310. 190.
0.16 0.17
161. r4g.
14.4 12.8
38.9 37 .2
6.80 6.2L
L.23 1. 16
r.49 1.36
4 .89 4 .29
0.72r 0.644
6.67 4.69
0.74 0.60
11.9 11.1
2.45 2.25
0. 60 0. 55

7.2
5.75 5.89*
15 .0 15 .8
0.466 0.476
10.06 10.30
79L . 1084. *
29 .I 32.0*
4r5. 710.*
185. 180.
230. 240.
0.15 0.14
155. 185.
13.4 L4.5
37 .4 43.4
6.42 7. 18
T.2L L.2L
1.35 1.60
4.70 5 .07
0.682 0.779
4.95 6.2L
0.74 0.68
11 .9 19.
2.6 2.5
0.50 0 .72

7 .3
5.94 5.76
L5 .4 15.0
0.477 0.457
Ir .22 10 . 31
828. 827 .
24.3 24.L
330. 355 .

170 . L75.
240. 190.
0.17 0.11
155. 156.
L3.7 L2.8
37.7 35.8
6.7L 6.49
L.22 L.23
L.45 1.33
4.80 4.60
0.719 0.698
5.L7 4.9L
0.75 0.68
10.9 9.7
2.7 2.9
0. 60 0.66

Sm

Eu
Tb
Yb
Lu
Hf
Ta
Ir
Th
U

Mas s (mg ) 43.22 r1.19 47.55 9.41 40.s6 10.75 37.06 1O.92 44.33 5.3s 4r.08 10.85

Parent
Subsplit
Depth ( cm)

-lW 60904!32_- JogoI_J+o_ _qggP3_545 508 544 5 10 543 5 13 144 141
131 .5 L29 .5 126 .5 94.5

_qgogl{e-- iqggz.,s_:._412 356 41 I 358
r0 .2 9.2

FeO (ctu) t
Fe0
Ca0
Na 20
Sc
Cr
Co
Ni
Sr
Zr
Cs

Ba
La
Ce

Sm

Eu
Tb
Yb
Lu
Hf
Ta
Ir
Th
U

Mas s (tng )

7.O
5 .49 5 .7L
15.5 14.6
0.475 0.480
9.86 10.30
769. 858.
24.0 23.9
330 . 3.45
180. 130.
205. L75.
0.12 0.22
159. 169.
13.0 13.3
35 .7 36 .2
6 .20 6.72
1.20 L.2L
1.31 1.38
4.56 4.74
0 .664 0. 703
4.76 5.11
0.67 0.74
10.8 8. g

2.35 2.4
0. 59 0 .57

7.9
5.81 5.7L
15.3 L4.5
0.472 0.478
I0.26 L0.26
815 . 828.
28 .3 24.0
425. 355.
165. 155.
255. zLO.
0.L2 0.16
189. 160.
15.5 13.3
42.6 36.5
7 .40 6.69
I.25 L.22
I.57 L.42
5 .29 4 .66
0. 781 0. 70
5.86 5 .45
0.83 0.69
11.0 9.5
2.7 2.45
0. 68 0.66

7 .I
5 .84 5.89
15 .4 L4.7
0.466 0.490
10.21 10.45
796. 838.
31.1 27 .9
440. 405.
L75. 195.
245. 200.
0.09 0.19
L62. 165.
13.5 14.0
36.6 37 .7
6.50 6.96
1. 19 L.23
1.38 I.4g
4.64 4.88
0. 689 0 .72I
4. 98 5 .01
0.71 0.69
13.8 rL.2
2.55 3.05
0.65 0.67

7.3
5 .78 5 .94
15.1 14.6
0.477 0.492
10.63 1 I .36
797 . 849 .
24.5 23.L
330. 330.
170. 150.
225. 225.
0.L2 0.13
158. 201.
13.4 L7 .4
36 .2 49 .0
6,48 8.64
L .22 L.26
1.38 1.87
4 .63 5 .96
0. 691 0.887
5 .07 6.39
0.74 o.g4
9.7 11.7
2.45 3.35
0.59 0.92

39.50 7.90

9.2
5.10 7 .27
16.0 L6.2
0 .453 0 .4V 6
8.75 8.95
706. 734.
24.2 91.8
370. 1390.
165. 220.
200. I45.
0.13 0.09
131. 165.
rL .7 13. I
32.0 35 .6
5 .52 6.68
1.14 r.23
1.18 L.45
3 .94 4. 38
0. 586 0. 668
4 .27 4 .48
0.60 0.66
10.6 34.
2.0 2.35
0.47 0.67

7.5
5.40 6.29
15.5 14.8
0.464 0.455
9.07 9.08
729 . 728.
29.L 59.6
420. 900.
180. 165.
2L0. 170.
0. 10 <0.2
146. 147 .

L2 .9 11 .9
35 . 1 32.0
6.17 5.93
1. 19 1. 16
1.32 L.26
4.34 4.08
0.649 0.629
4.76 4.49
0.67 0.60
12.5 29 .

2.4 2.5
0.55 0.45

31.39 10.10 4r.25 11.86 42.32 10.30 47 .8L 7 .42 41 .00 IL .24

Elemeflt concentrations in ug/g, except ng/g for Ir and cglg (Z) for oxides (togal element as oxide)
Sample mass: ll-12 ng each.

*Anamolouely high due to contamination by stainless steel
tFeO value from Gose and Morris lL977l.
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% AIZOe ( opproximotc I
27 26

APOLL) t6 SOILS

9

ppm Sc

Fig. l. Sm versus Sc concentrations in Apollo 16

soils. Surface- soils are indicated by their
station number. References for the data are given
in Korotev [ 1981] . For surf ace soil sarnples
andlyzed for this work the station numbers are
underlined. The core samples anal yzed here are
aLso plotted. The t lo anorthosite t line connecEs
the most Sc and Sm enriched surface soil with the
point corresponding to the concentrations of these
elements in anorthosite (approximately 0.5 vg/ g
Sc, 0.05 vg/g Sm).

data for 60051 confirm its similarity to 64501,
the most anorthositic of the station 4 soils.
Soils 61 181 , 6223L , and 66031 are indistinguish-
ably similar in composition to other soils at
their respective stations.

Soil 67960 is of special significance. It is
the reference soil for 67940, which was collected
from the split in tHouse Rockt near the edge of
North Ray Crater. Korotev t19811 noted tlrat
6794L wds unlike other station 11 soils and more
similar to the station 13 soils in being more en-
riched in elements associated with the Cayley
comporrent (Fe, Mg, REE, €tc.). 6794I is also
unusual in havittg a high val ue of *g.t (molar con-
centrat,ion ratio of Mg to I'1g + Fe), 0.71, comPar-
ed to the range of 0.63 to 0.68 for other Apollo
f6 soils. 67960 is similar to 6794L but has
slightly lower concentrations of most elements
analyzed excepE Ca and Sr, Although the impor-
tanE elements Al and Mg rdere not anal yzed for
67960, the mixing model Lranslates these differ-
ences into a higher proportion of FAN component
in 67960. The bulk composition of 67960 ir, in
fact, motre similar to 60051 and 64501 than ir is
to the other station 11 soils. This makes 67960
unique in being the only North Ray Crater soil
that plots more nearly on the Cayley-FAN mixing
trend in Figure 2b than on the Cayley-NRC Erend,
with the possible exception of 6794L which does
not plot unambiguously on either trend.

SOIL COMPOSITIONS

The North Ray Crater soils are compositionally
the most variable of any station. There is,
however, a geographical trend in the variation.
Soils 675IL, 6746I, and 6748I r^Iere all collected
f rom the southwes t ern extreme of the sampl ing
area, 60-70 m west-southwest of the LRV lSutton,
1981 l. Samarium concentrations range from I.7 to
3.0 vg/g and *gt values are 0.63 for each . 67601
and 67 7 AL $rere co llec t ed about 20 m we st and !+5 m
northeast of the LRV. Samarium concentrations
and mg t val ue s for each are 3 .2 vg/ g and O .67 -
0.68. The two House Rock soils, 67940 and 67960
hrere collected 170 m norLheast of the LRV. Samar-
ium concentrations are 5.4 and 4.8 vg/g. The
high mgt value of 0.71 for 6794L has already been
discussed. Hence LIL element concentrations and
mgt values increase from southwest to northeast
around the rim. Muehlberger et al . I tggO J note
that dark matrix breccias increase in proportion
to light matrix breccias in this same direction.
However, t darkness t in melt rocks does not neces-
sarily correlate with LIL elernent abundances and
there is no obvious corresponding trend in rock

40 50 60 70 BO

Fig . 2 . A port ion of the FAI.I-KREEP-HON mixing
Eriangle showing the comjrositions of Apollo 16
soils. The model and methods are discussed in
Korotev [1981] and Korotev et al. ItggOJ. (a)
Results for the core samples anaLyzed here
(points) compared with fields for the surface
soils (dashed lines with station number labels).
The two filled circles are for 60007,LL4 and
60009 1454, two of the few other core samples with
enough good data to model Isee Korotev, 1981].
The anorthosite rich samples from the bottom of
the 60009 drive tube would plot generally along
the t to FANt line with many of these lying of f the
diagram. The dashed lines indicate the fields
obtained by enclosing all t surface t soil points
from a given station (Uelow) except certain
anomalous soils discussed in the text and
Kororev [ 1981 ] (6005 I, 6IL2L, 677LI, 6794L, and
67961). (b) Each circle represents an Apol1o 16
surface soil. A11 42 are plotted. Some are
labeled with the middle rhree digits (OXxxl) of
their sample number. The three circle sizes
( large , rned ium, small ) key to the t qual i ty and
quanLityt of "datb grade (ArnrC) discussed in the
text. These affect the rnixing model uncertainty,
as so indicated. Sample 677II is not well fit by
the model unless Na, K, Rb, Sr, and Eu are
excluded, hence the dashed circte.
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compositions Ie. g. , Lindstro.m and Salpas, 19 821 .
Soil sampling \4tas not extensive and systematic
enough to determine whether Ehere is any signif-
icance to this trend.

Deep_ DrilL 60002 -60007

For seven of the tsmallt subsplits of 60002-7
the FeO concentrations obtained here are typical
of those for Cayley-type surface soils (i.e., 5.4
to 6 .0"/, FeO ) . A11 but one of the large subsplit s

(60002 ,632) are also typical. The FeO concen-
trations obtained here for the small subsplits
are considerably lower (by 0.4 to 2.2"/, FeO ) than
the values obtained by Gose and Morris IL977l for
the same subsplit, except for 50002 r 513, for
which the value obtained here is considerably
higher. Some, if not all, of this discrepency
might be because the subspl it anal yzed here l4tas

not always the entire sample analyzed by Gose and
Morris 1L977 | . See tExperimental Methods t .

Except for one sample discussed below, all
samples with anomalously trigh iron concentrations
also have correspondingly high concentrations of
Ni, Ir, and Co, but do not have unusual concen-
trations of other elements associated wirh mafic
mineral phases (". g. , Sc and Cr) . Hence the
cause of the high FeO values is not the unusually
high content of mafic phases, but the Presence of
larger than normal amounts of meLeoritic metal in
the small samples. This is convincingly demon-
strated in "Figure 3, a plot of Co versus Ni. The
high Fe samples ploL on the extension of the
trend defined by the surface soils. For the
split with the highesL concentrations of Fe, Ni,
Ir, and Co (60002,84) the mixing model predicEs
the equival ent of an I8"l CC I comPonent , compared
to 3-4"/" for most Apollo L6 soiLs.

For one of these subsplits (60003 1202) and for
one subsplit from the station 4 drive tube
(60004 1227 ) the cause of the high FeO is probably
not meteoritic metal, but contamination with
stainless sLeel. The two splits do not Plot on
the trend in Figure 3 (i.e., non-meEeoritic Co/Ni
ratio) and do not, have correspondingly high con-

APOLLO 16 SOILS
. SURFACE

o SMILL )
\ 60002 60007 .r

o LAR6E \ d
,t53 (Jx)

t 64002
oo

/ 
2,-so4 2'632

7,356 (2x) l?

a

tat 
a '

;;: r, 

8oo tooo t2oo

Fig. 3. Co versus Ni concentrations in Apollo 16

soils. Filled circtes represent surface soils.
Two points, as indicaLed, pLot off the diagram at
2x and 3x the concentrations ploEted here.
Samples 60003 ,42L and 60004 ,227 are contaminated
by stainless steel.

16 SOIL COMPOSITIONS

TABLE 4. Homogeneity in Large and Small
Subsplits from Twelve Samples from 60002-7.

A275

e l ement " 
/i, 7"

(1) Q)

Na
Sc
Ba
La
Sm

Eu

For six high precision-elements, the relative
standard deviation ( s/x in 7", n = \2) is given in
( 1 ) the rat ios of the concenLrat ion in the smal l
subsplit to that in the large subsplit compared to
that of Q) the rat ios of the concenLraL ion ' in the
large subsplit to the mean concentration of the
large splits for the 60002'7 samples of Tabl-e 2.

centrat,ions of Ir. They do, however, have
anomalousLy high concentrations of Cr.

It is interesting Eo compare the concen-
trations of elements not affected by the
preceding problems in Ehe two subsplits of the
60002'7 samples . The largest di fference occurs
f or the LIt e lement s in 60005 ,92 z REE concen-
trations in the smatl split are 327" greater than
those in the large split. If we assume the large
subsplit is more representative of the split as, a
who le then rde can us e the rat, io o f the smal 1 to
large subsplit concentralions as a measure of how
well the smal1 subsplit represents the whole
split. We can then compare Lhese to the varia-
tion among the large splits. In-Table 4 such a
c omp ar i s on i s made . At though the exp er iment rda s

not done in a manner to prove Ehat the fol lowing
conLention is true, Ehe data suggest that the
variance among several 10 mg subsplits of any one
of the major depth splits is as great as the
variance among representaLive samples of the
twetve major depth splits analyzed here. It
should be clear that l0 mg subsplits are not
sufficient to characterLze the composition of a
split to much betEer than 5-L0"4 for many elements
and worse than this for LIL elements. This may be
adequate for many purposes.

Mixing model results for the large subsplits
of 60002-7 are plotted in Figure 2a and Sc and Sm

concentraLions plotted in Figure 1 for comparison
with the surface soils. Most of these samples
(which rrere systematically selected to be among
the most iron-rich samples ) are similar to the
station 10 surface soils. The composition of
none is dissimilar to the range observed for the
stations 5 n 6, 8, 9 , an{ 10 surface soils .

Drive Tube 64002

The ten samples chosen for analysis were
intended to show the range of compositions within
the core . Al though there are some subt le varia-
tions among the subsplits analyzed, based on the
preceding discussion it would be hard to argue
thar these represent corresponding variations
among the splits as a r*role , Subsplit 236 ( 15 . 75

cm) is anomalously high in Na, Sc n and LIL ele-

4.L
4.r

13.3
12.0
L2 .7
3.5

3.0
6.8
8.9
7.2
7 .6
2.5

ou30
E
a_
a-



n276 KOROTEV: APOLLO 16

menLs compared to the others and is even I37"
enriched in Eu (perhaps the mosL invariant ele-
ment among Apollo 16 soils ) compared to the mean
of the others. Nearby subsplits 238 and 240
(16.75 and L7 .75 cm) are the most dif ferent from
the preceding by being the most anorthositic (low
Fe and Sc; high A1 and Ca). These three samples
are the most inrnature of those anal yzed [Morris
and Lauer , L9821 and are toward the top of the
lower of the two compositional units idenLi fied
by Houck [tgAZ] in the drive tube. It cannot be
argued on the basis of these data, however, that
there is an overal 1 composi t ional di fference be-
tween these two units. Subsplit 2LO (2.75 cm)
has an unusual Th and U anomaly (ZX and 3X typi-
cal concentrations) which is difficult to explain
even as a sampling problem in that the REE are
not anomalous . Subspl it 250 (22.25 cm) , as noted
by Morris and Lauer I tlaZ 1, is anomalously high
in Fe. The cause in this case is certainly
meteoritic metal since the point plots along the
meteoritic line in Figure 3 and the sample has
appropriately high Ir and appropriately typical
Cr concentratiorrs. Subsplit 227 (11.25 cm), as
menlioned previously, is contaminated by stain-
less steel. However, no anomaly was noted for
this subsplit by Morris and Lauer ItlaZ1.

The ratio of the FeO concentration obtained by
Morris and Lauer [tg9Z, as read to the nearest
0.L"/" FeO from their Figure 21 to the values
obtained here average (wittr one standard devia-
tion) 1.03 t 0.08. This is excellent agreement.

For comparison to the station 4 surface soils
Sc and Sm concenLrations for the ten subsplits
are plotted in Figure I and mixing model results
are plotted in Figure 2a. These samples have a
distinct station 4 affinity; six of the ren plot
within the field of the four surface soils in
Figure 2a and the others plot nearby. Of the
remaining four, three are slightly more anortho-
sitic than 64501 and one, 3s mentioned, i"
unusually LIL-element rich.

The 64002 core data argue against the
suggestion of Korotev [ 1981 ] thal South Ray
Crater is the source of the excess anorthosice
component in the sLation 4 soils compared to the
station 5 soils. If this were true, the ejecta
have been worked into the soil relatively uni-
formly to a depth of at least 23 cor which is
probably not reasonable or consistent with the
modal petrologic data of Houck I tlAZ 1 . A more
likely explanation is that Lhe anorthosite is of
more local origin, probably underlying the site.
Houck lI982l s,rggest crater Cinco a as the source
of the core material.

Di scus s ion

A11 new data are consistent with the obser-
vation made by Korotev Itg8t ] that thi:ee composi-
tional exLremes exist among Ehe Apollo 16 soils
(bottr surface and cores) and that the composition
of all soils can be expressed as mixtures of
these three end-nember componenls, The three
components are ferroan anort,hosite (fAn), a North
Ray Crater (nnC station I 1 ) soit componenL, and a
Cayley (station 5 and 6) soil component. (The

exceptions are those fines samples which derive
Lhe bulk of Lheir material from a single rock,
e.g. , 677II and 67031. ) The Cayley soil compon-
ent is best, represented among the surface soils
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by 65501, 6551 1, and 66081. These soils are the
most enriched in LIL elements and elements assoc-
iated with mafic minerals and least enriched in
Al and Ca. The component is identified with the
Cayley formation because of the similarity of the
composition of these soils to the composition of
the Cayley plains west of the landittg s ite as
deduced by the orbital X ray and gamrna-ray data
I see Korotev, I 981 ] . The NRC soil component i s

represented in its extreme by soils 675LI and
6746I. These are low in LIL elements and are
noritic anorthosite in bulk composition. The
ferroan anorthosite component is most prevalent
in the anorthositic samples from the 60009 drive
tube [e . g. , Blanchard et dl . , 1976; McKay et 41 . ,
1976] b,rt among the surface soils is most impor-
tant at station 4. Most of the Apollo 16 soils
correspond to binary mixtures of either the
Cayley and NRC components or the Cayl"y and FAN
components. This produces the two mixing trends
of Figure 2 (also vaguely discernible in Figure
1 ). The convergence of both trends at stations 5

and 6 coupled with the absence of a rock Lype
correspondittg to Ehis composition argues that the
soil itself is the component important to the
mixing trend s .

The goal of studies such as this is to use the
composition of the regolittr and variations there-
in to exLrapolate information about the composi-
tion of the underlying bedrock and/or other con-
stituents. The assumption is that although we
have many samples of rock, the soils provide a
better average of the bulk composition of the
site. This is both an advantage and a disadvan-
tage. For detailed understanding of the petro-
genes i s of rocks we must study rocks . Ho\^lever ,
the compositional variations within the soils are
much less than within the rocks. So from soil
studies used in conj unction with results from
rock studies rde should be able to determine the
volumetric importance of the various composi-
tionally distinct rock types found at a site. hle
might also be able to deduce the existence of
components which have not been recognized in the
rocks .

The problem of deducirrg something about the
site bedrock from the soils is particularly
difficult at Apollo 15 as the soil data are not
easily reconciled with the rock data. Two of the
Lhree components discussed above are not rocks,
but soils, which are presumably mixtures of
comminuted rocks. Some of the considerations
involved with explainitrg the Apollo 16 soil
components as mixtures of rock types have been
discussed, but the problem \^ras left unresolved
[Korotev, 1981 ]. A thorough treatment musL again
be deferred until we have a better understanding
of the rock types themselves. The problem is
exemplified by the NRC soil componenL. In the
recent study of Norrh Ray Crater rock composition
by Lindstrom and Salpas I tgAZ ] , four composition-
ally distinct types r^rere identified: ferroan
anorthosite, ferroan anorthositic norite, a mag-
nesian melt rock of the very high alumina (VHe)
basalt type [e.g., Ilubbard et 81 ., L9731 , and a
magnesian granulite. Each of Lhese componenLs is
composi cionally distinct in the sense that none
can be a mixLure of the others. Even considering
the observed variation in composition among dif-
ferent samples of each of Lhese rock types, no
mixture of these four components can adequately
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reproduce the composition of the station 11

soils . The speci fic problems involve fitting the
ratio of Fe to Mg and supplying the high concen-
trations of Na, Sr, and Eu observed in some of
the soils (6748I, 6760L, 6770L, and particularly
677 I I ) . The latter, problem also applies to
certain North Ray Crater rocks (tetdspathic melt
rocks, some bulk breccias ) which in ot,her regards
appear to be mixtures of the four compositionally
distinct components. Thus despite detailed
analysis of Ehe rocks, the soil data indicate the
presence of a componenL not yet identified in the
rocks. This component rnust be either: volumetri-
cally important (> IO%) and moderately enriched
in Na, Sr, and Eu or minor and extremely enriched
in Na, Sr, and Eu.

The problems involved in modeling the Cayley
soil component and Apollo 16 soils in general as
mixtures of observed rock types has been discussed
by Korotev [1981J . It rdas argued thaL, among the
observed rock types, the basaltic impact melts of
VHA composition and anorthosite r^rere cerLainly
neces s ary, but combinat ions of them hrere insuf f i-
cient because the Mg/p. ratio in the VIIA melt
rocks is too high to explain the soil value. It
rras postulated Ehat another component musL be
present with similarly high concent,rations of Fe,
Mg, and related elements but wi th a mg]_ value
lower than that of the soi ls . Such a component
has norir been found, namely, the f erroan anortho-
sitic norites recently identified in North Ray
Crater breccias by Lindstrom and Salpas ItggZ].
Inc lus ion of thi s component in the soi 1 mixing
models greatly irnproves the f its for Fe and IuIg.

Because of the low Lll-element concentraLions in
t,he f erroan anorthos i t ic nori tes , however , an
additional LIL-element rich component is probably
required (depending upon the Lll-element concen-
Erations in the VHA component used; these are
quite variable frorn sample to sample). The LIL-
element rich poikilitic impact melts are the
logical choice. These have the same *g t_ values as
the soils and hence do not affect the Mg /fe ratio
in the soils, but are too Lll,-element rich to
account alone both for the Fe and l'1g concentra-
tions and LIL element concentrations in the soils.
These four components (plus a minor meteoritic
component) can explain mosL of the characteris-
tics of the Cayley soil compositions. One

problem remains. Like some of the North Ray
Crater soils, some Cayley soits are also richer
in Eu and to a lesser extent Na and Sr Lhan that
combination of Lhe four components needed to fit
the other elements. The soil data again indicate
the presence of a Eu-rich comPonent yet
unidentified in the rocks.

No attempt will be made here to model the
Apollo 16 soils quantitatively as mixtures of the
six components just discussed ( ferroan anortho-
site, ferroan anorthositic norite, magnesian
basaltic impact melt, poikilitic impact melt, a

high Na, Sr, and Eu component, and a meteorite
component ) . Preliminary models, using the 677LL

soil as the high Na, Sr, and Eu component, suggest
that such a model would work as well as any yet
suggested. Serious modeling of this kind must
await furt,her information of two kinds. First,
the high Na, Sr, and Eu component must be identi-
fied and characteri zed. Second, the reason for
the compositional variation wifhin the VHA type
melt rocks must be understood. Of the various
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rock types discussed Lhese are the most variable
in composition, which may preclude rfine tuningt
of any model. Finally, a challenge to any such
efforL, particularly one rfrrich attempts to include
(as is apparently required) Uottr a ferroan and a
magnesian Fe and Mg rich component, i" to account
for the relative invariance in the ratio of Mg to
Fe among the soils while accounting for the range
of A1, Ca, and LIL element concenLrations.
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