Earth and Planetary Science Letters, 96 (1990) 481-489

481

Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

[MK]

Cobalt and nickel concentrations in the “komatiite component”
of Apollo 16 polymict samples

Randy L. Korotev

Department of Earth and Planetary Sciences and McDonnell Center for the Space Sciences, Washington University,
St. Louis, MO 63130 (U.S.A.)

Received October 14, 1988; revised version received July 18, 1989

Some estimates for the concentrations of Co and Ni in the primitive mafic component of Apollo 16 breccias and soils
are large, comparable to concentrations in terrestrial komatiites. These estimates may be erroneously high because the
contribution from meteoritic contamination of the samples has been underestimated. However, even if the correction
for meteoritic Co and Ni is valid and the calculated residual Ni is not of meteoritic origin, the Ni is presently carried by
Fe-Ni metal while the Fe and Mg are carried by mafic silicates. If any large-scale separation of metal and silicate
phases has occurred, the concentration ratio of Ni to Fe + Mg in the mafic silicates of the ancient crust in the vicinity
of the Apollo 16 site has not been preserved by Apollo 16 rocks. Apollo 16 polymict breccias and soils contain much
higher concentrations of siderophile elements and Fe-Ni metal than other nonmare samples from the Moon. Thus, it is
likely that the Ni/(Mg + Fe) ratio estimated for the komatiite component from Apollo 16 samples is high compared to

the actual ratio for the lunar crust.

1. Introduction

Nearly all samples returned by the Apollo 16
mission to the Moon are polymict breccias and
soils. Compositional variation among these sam-
ples can be explained, to a first approximation, by
the relative proportions in the mixtures of more-
primitive constituents of two broad compositional
types, namely (1) plagioclase-rich rocks, including
anorthosite as well as troctolitic, noritic, and gab-
broic anorthosites, and (2) norites in the form of
impact melt breccias. The two most common com-
positional extremes found at Apollo 16 are repre-
sented by rocks of these types. As a result of this
binary mixing, data for polymict samples are usu-
ally well correlated and plot along a line between
anorthositic samples and noritic impact melt brec-
cias in simple plots of lithophile element variation
such as Fig. 1 [1-4].

The noritic impact melt breccias (“low-K Fra
Mauro basalts™) are believed to have crystallized
from melt produced by relatively large impacts
[5-7]. They contain lithic and mineral clasts in a
matrix often having an igneous texture. The
matrices of different samples from a given site are
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usually very uniform in composition, or fall into
one of a few compositional groups each believed
to represent melt from a different impact [7-9].
Noritic impact melt breccias are probably mix-
tures of more primitive igneous rocks as no rocks
of this composition have been identified as un-
brecciated.

Several efforts have been directed at identifying
the nature of the primitive mafic component(s) of
Apollo 16 materials [10-15]. In a recent paper,
Ringwood et al. [16] readdress this issue and con-
clude that the primitive mafic component is a
komatiite similar in composition to terrestrial
komatiites. The concentrations of most elements
in this komatiite component are estimated from
mixing diagrams such as Fig. 1 by extrapolation of
the mixing lines to high concentrations of ele-
ments associated with mafic mineral phases. This
technique implicitly assumes that even the most
mafic polymict samples in the Apollo 16 collec-
tion, the noritic impact melt breccias, contain a
component of plagioclase that was acquired by
mixing. It also requires a quantitative assumption
about the proportion of such a plagioclase compo-
nent in the mixtures in order to know how far to
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Fig. 1. Concentration of Al,0O; as a function of the concentra-
tion of Mg+ Fe. The filled squares are for the 49 analyses in
the data set of Delano and Ringwood [22]; the open squares
are for 4 other analyses listed in the sources used by Delano
and Ringwood {22], but apparently excluded from the data set.
All samples are polymict breccias and soils from Apollo 16.
The line is the best fit to these data (simple least squares). In
the high Al,OQ; direction, the line extrapolates toward
anorthosite {circle). (If samples with > 30% Al,0O; had been
included in the data set, they would fill the gap between 30 and
35% Al,0,.) The polymict samples with high concentrations of
(Mg +Fe) are (or have a large proportion of) noritic impact
melt breccias. The composition of the “lunar komatiite” com-
ponent of Ringwood et al. [16] is indicated by “K” and
feldspathic lherzolite 67767 [18] by the triangle.

extrapolate the mixing lines. Differences among
estimates for the composition of the primitive
mafic component of Apollo 16 materials arise
primarily from differences in the magnitude of
this assumption [10-16]. For example, Ringwood
et al. [16] extrapolate their mixing lines to 6.6%
Al,O,, and obtain a concentration of 27.7% for
Mg + Fe in their primitive component. (The
komatiite component does not plot exactly on the
line of Fig. 1 because its composition was ob-
tained by a best-fit technique involving mixing
lines for several elements. Mixing lines for Al and
Ca were extrapolated to the point where the Ca /Al
ratio was chondritic, after Winke et al. [13,14].)
Using a similar correlation technique, after sub-
tracting an estimate of the Co and Ni concentra-
tions derived from meteorites, Ringwood et al.
[16] infer that the concentrations of Co and Ni in
their komatiite component are very large (1327
rg/g Niand 78 ug/g Co) compared to concentra-
tions observed in those rocks from the lunar high-
lands that are generally believed to be unbrecci-
ated relicts of the ancient lunar crust [17-19).
Korotev {20} and Warren et al. [21] have argued

R.L. KOROTEV

©- (a) Co K
o O 5
S wf T 4
e -
T r = 0.709
B
w40 4
<
S 67667,
20 -
0 1 L
o 20 25 30
1400 ) o
(b) Ni K
1200 |- o -
Bl e
T eof [r=0735 a 1
> "
k=] [ |n=53 - 1
w0
Q 600 -
Z b .
200 |- E
) 67667
00 5 10 15 20 25 30
Mg + Fe (%)
120
(c) La e
100 | E
80 |- B
B . .
g ok |T= 0.757 . . o u
T n=253 - -
s .
20 |- E
87667
A
0 LS 1 i
0o~ 5 10 15 20 2 30

Mg + Fe (%)

Fig. 2. (a) Concentration of Co, corrected for meteoritic con-
tamination by the procedure of Ringwood et al. [16], as a
function of (Mg+ Fe) concentration in polymict breccias and
soils from Apollo 16 (see Fig. 1). The line is the best-fit line to
the filled squares, as read from fig. 4 of Ringwood et al. [16].
The Apollo 15 green glass plots at 5 and the Apollo 17 orange
glass at 7. (b) Like (a), but for Ni. (¢) Like (a) and (b), but for
La. The line is the best-fit line (simple least squares) to the 53
data points (squares). In this plot the X represents the com-
position inferred here for the komatiite component using the
same technique as used for Co and Ni, although a concentra-
tion for La was not reported by Ringwood et al. [16].
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that the concentrations estimated for indigenous
Co and Ni are erroneously high and that the error
derives from the assumption of Ringwood et al.
[16] that the meteoritic component of the Apollo
16 breccias has ratios of Ir to Co and Ni like those
in H chondrites. If the bulk of the extralunar Co
and Ni in Apollo 16 samples is assumed, instead,
to derive from meteorites with lower Ir/Co and
Ir/Ni ratios, e.g., EH chondrites [21] or iron
meteorites [20], then the concentration of “resid-
ual” (indigenous) Ni becomes much smaller and
perhaps negligible. Others have also argued that
the meteoritic component of Apollo 16 breccias is
not like carbonaceous or H chondrites and that
corrections based on chondritic ratios leads to an
overestimation of the indigenous Ni [17,19]. This
particular disagreement is not the subject of the
present paper. The purpose here is to show that
irrespective of the validity of the correction for
meteoritic Co and Ni, the correlation technique
used to estimate the composition of the komatiite
component is likely to lead to a invalid result for
siderophile elements in Apollo 16 samples.

2. Data set

I have attempted to duplicate the data set of
Ringwood et al. [16]. This data set is that de-
scribed [22] as “49 analyses for Co and Ni in
Apollo 16 rocks and soils” that were obtained
from several sources [13,14,23-27]. These sources
contain data for 53 analyses in which concentra-
tions for Al, Fe, Mg, Ni, Co, and Ir are reported
and the Al,0, concentration is less than 30%. The
four analyses that do not appear to have been
used are for two samples each of 60016 {13] and
62295 [14]. No explanation is given for why these
four analyses were not included, but three of the
four lie outside the range of the other samples in
Fig. 2a and b. They are included here, however,
and are given a different symbol in the figures (see
Fig. 1).

3. Co and Ni correlations

Fig. 2a and b are plots of Co and Ni concentra-
tions in Apollo 16 rocks and soils as a function of
the sum of the Mg and Fe concentrations. In both
plots, the Co and Ni concentrations have been
corrected for “meteoritic contamination” by the
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procedure of Ringwood et al. [16], i.e., the re-
ported Co and Ni concentrations have been re-
duced by subtracting the quotient obtained by
dividing the reported Ir concentration, which is
assumed to derive entirely from the meteoritic
component, by Ir /Co and Ir/Ni ratios in ordinary
chondrites. For consistency, the same values for
these ratios as used by Delano and Ringwood [22]
are used here (Ir/Co = 1.1 mg/g and Ir/Ni =51
png/g). The corrected concentrations are’ called
“residual” Co and Ni because they are intended
to represent Co and Ni indigenous to the Moon.
Following the precedent of Ringwood et al. [16],
small “corrections” to the Fe concentrations have
also been made following the same procedure.
(Ringwood et al. [16] do not explain why similar
corrections are not also made to Mg concentra-
tions.) Fig. 2a and b are equivalent to figs. 4 and 5
of Ringwood et al. [16]). The distributions of points
in the figures are not identical to those of
Ringwood et al. [16], but are generally similar. The
largest difference between the figures presented
here and those of Ringwood et al. [16] is that Fig.
2a and b each appear to contain more points. In
both figures, the lines are the best-fit lines of
Ringwood et al. [16], as read from their corre-
sponding figures; the correlation coefficients (),
however, are those obtained here for the 53 data
pairs in each data set.

Ringwood et al. [16] argue on the basis of Fig.
2a and b that because Co and Ni concentrations
correlate positively with Fe and Mg concentra-
tions, Co and Ni must be associated with the
ferromagnesian component of the breccias. They
then extrapolate the best-fit lines to 27.7% Mg +
Fe, the concentration in their primitive compo-
nent (section 1, above), and conclude that the
primitive component has 78 pug/g Co and 1327
pg/g Ni (Table 1). Although a procedure such as
this would be valid with many systems, it can lead
to unreasonable results in the particular case of
lunar polymict samples. For example, in Fig. 2¢
the concentration of an incompatible trace ele-
ment, La, is plotted against Mg + Fe concentra-
tion for the same data set as Fig. 2a and b.
Although not strong, the correlation of La with
Mg + Fe is slightly better than that for Co and Ni
(Fig. 2a, b). By the same logic as used by Ringwood
et al. [16], we would be obliged to conclude that
the lunar komatiite component has a La con-
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TABLE 1

Comparison of “lunar komatiite” [16] and Apollo 16 sample
67667,3 [18]

Lunar 67667

komatiite
Si0, (%) 45.16 424
TiO, 0.54 1.0
Al,O, 6.61 7.6
Cr,0, 0.40 0.38
FeO 14.77 17.1
MnO 0.19 0.20
MgO 26.92 26.4
CaO 5.31 5.3
Na,O 0.10 0.16
Ni(ug/g) 1327 44
Co 78 26
v 112 n.a.
Sc 23 24.4
La 105 # 3.6

# Not reported by Ringwood et al. [16], but derived here by
techniques similar to those used by Ringwood et al. to obtain
the Ni and Co concentrations (Fig. 2).

centration of 105 pg/g, the value obtained by
extrapolating the best fit line to 27.7% Mg + Fe.
This is approximately the La concentration in
lunar KREEP [28] and is considerably larger than
that usually found in primitive mafic rocks, such
as terrestrial komatiites.

The La concentration inferred from Fig. 2c is
also much larger than the La concentration actu-
ally observed in primitive, mafic rocks from the
Moon. Discounting fragments of exotic mare
basalt, the most mafic Apollo 16 sample is 67667,
described by Warren and Wasson [18] as a “feld-
spathic lherzolite”. This 7.9 g rock is the only
highly mafic sample from Apollo 16 for which
compositional data are available to compare. As
noted by Warren et al. [21], but not Ringwood et
al. [16], the concentrations of compatible litho-
phile elements in 67667 are remarkably similar to
those of the lunar komatiite (Table 1). However,
the La concentration of 67667 is only 3.6 pg/g
[18], considerably lower than the 105 pg/g ob-
tained above by the extrapolation technique for
the komatiite component (Fig. 2¢). Similarly, the
concentrations of Co (26 pg/g) and, particularly,
Ni (44 pg/g) are much less in 67667 than the
values for the komatiite component (Table 1).
These observations suggest that there is some er-
ror associated with the correlation method used by
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Ringwood et al. [16]. The reason why La con-
centrations correlate with those of Mg + Fe even
though a primitive mafic component is not the
carrier of the La is the subject of the next section.

4. Mixtures of mixtures

In general, polymict samples from the lunar
highlands require four types of chemical compo-
nents to account for four distinct “element associ-
ations” [29]: (1) a felsic component to account for
Al and some Sr and Eu, (2) a mafic component to
account for most of the Mg, Fe, Sc, Cr, etc., (3) a
“residual liquid” (KREEP) component to account
for incompatible trace elements, and (4) a
meteoritic component to account for siderophile
elements in excess of those supplied by the other
three components. Each of these chemical compo-
nents is probably represented by a variety of rock
types with a range of compositions. In general,
one would not necessarily expect binary mixing
lines such as those in Figs. 1 and 2 in a four-
component system. Apollo 16 polymict samples
approximate simple binary mixtures because a
single rock type, the noritic melt breccia, is the
principal carrier of three of the four chemical
components. Samples with the largest concentra-
tions of Mg and Fe, such as breccias 61015 (meit
rock portion [6]) and 65015, also have high con-
centrations of Ni and La; samples that contain
high concentrations of elements from only one or
two of these three element groupings are rare (e.g.,
67667). Anorthositic samples from Apollo 16 sel-
dom have high concentrations of either incompati-
ble trace elements or siderophile elements.

Noritic melt breccias are the most mafic, com-
mon rock types in the lunar highlands. Samples of
similar major element composition occur at nearly
every landing site. As reviewed by Reid et al. in
1977 [5], it is unlikely that noritic impact melt
breccias (“low-K Fra Mauro Basalts™) are the
direct product of some igneous process because
although they are common, no samples with ig-
neous textures have been found (an observation
still true today). They were most likely produced
by impacts large enough to penetrate the felsic
surface material and incorporate mafic cumulates
into the impact melt as well as material rich in the
residual liquid of crust formation [5,7,18]. Thus,
mathematical removal of the felsic component of
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Apollo 16 breccias leaves a residuum dominated
by a component of noritic melt breccia that itself
may be a mixture of more primitive components.
Mixing trends such as that in Fig. 2c indicate that
the mafic component and the KREEP component
of the breccias were intimately mixed before ad-
mixture of the felsic component which leads to the
binary mixing trends.

The treatment of Ringwood et al. [16] implicitly
assumes that Apollo 16 polymict samples are sim-
ple mixtures of two igneous rock types, a mafic
rock type and an anorthositic rock type. When the
mixing line in Fig. 1 is extrapolated to high Al,0,
congcentrations, it does, in fact, intersect the field
of a type of igneous rock common to Apollo 16,
ferroan anorthosite. In similar plots for any pair
of elements, the mixing lines trend toward
anorthosite or noritic anorthosite (e.g., Fig. 2c).
However, mixing lines extrapolated in the other
direction past the field for noritic melt breccias do
not intersect the field for any observed type of
rock, igneous or otherwise. Although the line ex-
trapolates toward sample 67667 in the Al,O; vs.
(Mg + Fe) plot of Fig. 1, the corresponding line in
the Ni vs. (Mg + Fe) plot of Fig. 2b or the La vs.
(Mg + Fe) plot of Fig. 2¢ does not. Thus, a rock
type like 67667 is not the mafic, Ni-rich, La-rich
component collectively implied by applying the
method of Ringwood et al. [16] to the data of Fig.
2.

Given that the noritic melt breccias are them-
selves probably mixtures of two or more types of
more primitive rock, we have no particular reason
to suspect that such an extrapolation has any
meaning with respect to actual rock types. This is
demonstrated schematically in Fig. 3 (adapted
from Korotev [30]). Polymict samples (circles) are
binary mixtures of rock types A and B, both of
which occur locally. Rock type B is itself a breccia
that is a mixture of igneous rock types, I, M, and
S (and, possibly, a small component of rock type
A) that are not well represented at the site as
discrete samples. As a consequence, the mixing
trend defined by the polymict samples does not
extrapolate toward rock types I, M, or S even
though each is a chemical component of all the
polymict samples. The extrapolation of the mixing
line past point B has no meaning with respect to
the component rock types of the polymict sam-
ples. If component M is the principal carrrier of
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Fig. 3. Schematic mixing diagram for hypothetical compo-
nents; see text. The circles represent polymict samples (brec-
cias and soils); B is a breccia containing chemical components
of igneous rocks 4, S, I and M.

Mg and Fe, I is the principal carrier of the incom-
patible trace elements, and S the principal carrier
of siderophile elements, then the extrapolation
does not tell us anything about the siderophile
element concentrations in component M. This ex-
ample may appear extreme, but as shown below,
most of the Ni and much of the Co in Apollo 16
polymict samples is, in fact, in a different phase
(Fe-Ni metal) than most of the Mg and Fe (mafic
silicates and oxides). Fig. 3 demonstrates the prob-
lem of inferring mixing relationships in systems
with several generations or “levels” of mixing [30].

In the case of Apollo 16 samples, all we can
conclude for certain from Fig. 2a and b is that
residual Co and Ni are presently associated with
Mg and Fe in the polymict samples with the
greatest concentrations of these elements. In that
sense, the statement of Ringwood et al. [16] that
the correlations clearly show “that residual cobalt
and nickel... are associated with the ferromagne-
sian component of the breccias” is indeed correct.
The ferromagnesian component, however, is noritic
impact melt rock, not necessarily a rock type that
is more primitive and more mafic. Most of the Mg
and Fe in mafic silicates of Apollo 16 samples
have experienced at least one episode of crystalli-
zation from an impact melt. Thus, we cannot
conclude for certain that the mafic igneous pre-
cursors of the noritic melt breccias (if there are
precursors that are more mafic) have concentra-
tions of Co and Ni as large as those derived by
Ringwood et al. [16] because the primitive compo-
nent that contributed the bulk of the Mg+ Fe








