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Systematics of Ni and Co in olivine from planetary melt systems. Lunar mare basalts
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ABSTRACT

The systematics of Co and Ni in olivine from six Apollo 12 olivine basalts were studied
by SIMS techniques and correlated with major and minor element data obtained with the
electron microprobe. Our results, together with previous studies, demonstrate that one of
these basalts (12009) was extruded, as a liquid, onto the lunar surface and was parental
to five other cumulates (12075, 12020, 12018, 12040, and 12035). The concentrations of
Ni in zoned olivine phenocrysts behave as expected for a highly compatible element with
initial estimated D,; = 9.9. On the other hand, Co concentrations in olivine vary hardly at
all and show flat patterns across crystals that retain normal zoning trends for Mg, Fe, Mn,
and Ni. The explanation for this behavior is not that D, = 1 (our estimated D, = 4) or
that Co zoning has been erased by rapid diffusion of Co compared to the other elements
(e.g., Mg and Fe) that still show norma zoning. The explanation for the behavior, as
originally suggested by Kohn et al. (1989), is that the increase in D, with crystallization
exactly balances the depletion of Co in the melt. This decoupling of the behavior of Ni

and Co in olivine results in significant increases in Co/Ni with crystallization.

INTRODUCTION

Olivine can be an important and early crystalizing
phase in lunar mare basalts. The Apollo 12 olivine basalts
are an especialy interesting suite of samples because they
may represent one or more fractionation series and aso
experienced different cooling rates (e.g., Papike et a.
1976; Ned et al. 19944, 1994b). Olivine is an important
recorder of basalt evolution and the Fo content of early
crystallizing olivine cores, together with the Fe-Mg ex-
change coefficient (K,: e.g., Jones 1995), can be used to
predict the Mg'[= Mg/(Mg+Fe) atomic] of equilibrium
melts. If the actua bulk composition of a basalt sample
has the Mg’ predicted from the olivine, then it appears
that the olivine crystallized from the melt represented by
the bulk sample composition and is not cumulus. We de-
veloped SIMS techniques for analyzing Co and Ni in ol-
ivine (Papike et al. 1995) and now use these techniques
to study the Co-Ni systematics in olivine from mare ba-
salts. We began with six samples representative of the
Apollo 12 olivine basalts. We looked first at the distri-
bution of Co and Ni between the most Mg-rich olivine
cores and the melt. If the measured Mg’ of the bulk rock
and the Mg’ predicted from the olivine are the same, then
the Co, Ni of the bulk sample should also agree with that
calculated from olivine.

Considerable work has been done on the Apollo 12
olivine basalts. Green et a. (1971) conducted experimen-
tal phase equilibrium studies of lunar sample 12009. This
is a rapidly quenched basalt with microphenocrysts of
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olivine and spinel in a cryptocrystalline matrix. Green et
al. concluded that this rock represents the original liquid
because the most magnesian olivine core compositions
are the same as the experimentally produced liquidus ol-
ivines. Donaldson et a. (1975) conducted experiments
designed to determine the cooling history of the Apollo
12 olivine basalts. They found that mineral chemistry,
crystal shapes, grain sizes, and textures are related sys-
tematically to cooling rate and degree of supercooling. At
linear cooling rates of =40 °C/h, the texture is porphyritic
with larger olivine crystals set in a groundmass of finer-
grained pyroxene, plagioclase, and ilmenite. Walker et al.
(1976a) studied the phase equilibria and cooling rate of
Apollo 12 olivine basalt 12002. They found that the par-
titioning of Fez* and Mg between olivine and liquid (K,
= 0.33) is independent of cooling rate (0.5-2000 °C/h),
temperature (1325-600 °C), and pressure (0—12 Kb).

A paper by Walker et a. (1976b) concerned with the
differentiation of an Apollo 12 picrite magma formed the
basis for the present study. Walker et al. (1976b) found
that the Apollo 12 olivine basalt suite shows a strong
positive correlation of grain size with normative olivine
content. This correlation is interpreted to mean that the
suite of samples represents the basal portion of a cooling
unit that differentiated by simple olivine settling. The
grain size of plagioclase observed in the coarsest samples
indicates the cooling unit may have been as much as 30
m thick. The proportion of olivine observed in each sam-
ple of the suite is quantitatively internally consistent with
simple olivine settling in a magma body of this size,
which has the composition of the chilled margin (=

392



PAPIKE ET AL.: Ni AND Co IN MARE BASALT OLIVINE

IIII||II|||IIIIIIIIIII

10 = 12035@
E 12040 E
[ —— ]
= 12018 .
. 12020 "i"
g 0.1 = -
o) — -
N n .
(2] - H—o— -
3 = 12075 —
< | -
—
] _
8 N
2
APOLLO 12 OLIVINE
= F ‘ BASALTS I 3
- @12009 -
0‘001IIIIllllI||III]lIlI|ll
15 20 25 30
NORMATIVE OLIVINE

Ficure 1. Plagioclase grain size vs. amount of normative
olivine in Apollo 12 Olivine basats (after Walker et a. 1976b).

12 009). In this study, normative olivine abundance is the
principal index of differentiation and plagioclase grain
size is the principal feature related to cooling history.
Figure 1 (adapted from Walker et al. 1976b) shows this
relationship for six of the Apollo 12 olivine basalts, and
Figure 2 is a series of backscattered electron (BSE) im-
ages of the same samples. These relationships indicate
that 12009 has the composition of the initial melt, and
12035 is the most evolved cumulate. These authors tab-
ulated the compositions of the most Mg-rich olivine cores
and found that 12009, 12075, 12020, and 12018 have
compositions (~Fo,_,) that indicate cumulus olivine in
12075, 12020, and 12018 could have originated in a melt
of 12009 composition. However, the coarsest-grained cu-
mulates, 12040 and 12035, have olivine core composi-
tions of Fo,, ., indicating that the cores either reequili-
brated with or nucleated from more evolved melt.

An additional factor in the experimental design of this
study was inspired by a paper by Kohn et al. (1989) in
which these authors reported elemental zoning trends in
olivine phenocrysts from an Mg-rich andesite. They
found that Ni had the expected zoning trend for a com-
patible element (e.g., it follows Mg), but Co showed a-
most no zoning. We will also address this issue and give
a possible explanation below.

The bulk-rock compositions (major elements plus Co
and Ni) are presented in Table 1 and were obtained from
Lofgren and Lofgren (1981).
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ANALYTICAL AND COMPUTATIONAL TECHNIQUES
Analytical approach

Major and minor elements were analyzed on a JEOL
733 Superprobe, equipped with a BSE detector, five
wavelength spectrometers, and a thin-window energy-dis-
persive spectrometer controlled by an Oxford Link exXL
Il analyzer system. Olivine compositions were measured
by wavelength-dispersive spectrometry, with peak count-
ing times ranging from 20 s for major elements to 40 s
for minor elements at a beam current of 20 nA. All anal-
yses were conducted at 15 kV, and ZAF corrections were
applied to the analyses. A beam size of 1 wm was used.

lon microprobe analyses of olivine were conducted us-
ing a Cameca IMS 4f instrument. The olivine analyses
involved repeated cycles of peak counting on sMn*
Co" ®Ni*, and *Si* as a reference species. The analyt-
ical procedure included counting on a background posi-
tion to monitor detection noise. Absolute concentrations
of each element were calculated using empirical relation-
ships of measured peak/®*Si+ ratios (normalized to known
SiO, content) to element concentrations as derived from
daily calibration measurements of the following olivine
standards: PM 150, which contains 1095 ppm Mn, 140
ppm Co, and 3170 ppm Ni; SCKA, which contains 1065
ppm Mn, 143 ppm Co, and 2950 ppm Ni; and MARJ,
which contains 2200 ppm Mn, 7 ppm Co, and 34 ppm
Ni.

Analyses were made by bombardment of the sample
with primary O- ions accelerated through a nominal po-
tential of 10 kV. A primary ion current of 30—40 nA was
focused on the sample over a spot diameter of 25-35 pm.
Sputtered secondary ions were energy filtered using sam-
ple offset voltages of —105 V, and an energy window of
+25V, to diminate effectively most isobaric interferenc-
es (Shimizu et a. 1978). Peak counting times were varied
to optimize precision. For olivine analyses, a precision of
better than 2% was achieved.

All ion microprobe analyses were conducted at loca-
tions analyzed previously with the electron microprobe,
and the SiO, concentrations determined by EMP were
used in reducing the SIMS data. Inclusion of contami-
nating phases in the SIMS analyses was avoided by se-
lecting optically clean olivine grains and by mass imaging
of major elements before and after each spot SIMS
analysis.

M odeling approach

Our overall approach to evaluating the crystallization
history of the olivine in the Apollo 12 olivine basalts was
two-fold: (1) major-element modeling using computation-
a evauations of equilibrium and fractiona crystalliza-
tion, and (2) trace-element modeling of crystallization us-
ing phase relations and melt compositions calculated in
the first step and integrating changing D, o, during basalt
crystallization.

The major-element modeling of the equilibrium and
fractional crystallization of Apollo 12 olivine basalts was
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Ficure 2. A series of BSE images for six Apollo 12 olivine basalts. The scale for all images is the same as noted for 12040.

done using the MELTS program (Ghiorso and Sack
1995). MELTS works by the parameterization of multi-
component solid solutions and magmatic liquids to pre-
dict mineral-melt equilibria. We used an AIX 4.1 version
of MELTS assembled on the University of New Mexico
computer system by Mark Ghiorso in 1996. In our cal-
culations, we assumed that the bulk composition repre-
sented by sample 12009 (Table 1) approached a parental
melt composition for the Apollo 12 olivine basalts. Con-
ditions under which the MELTS calculations were made
are as follows: temperatures ranged from 1400 to 900 °C,
pressure equaled 1 atm, and oxygen fugacities were de-
fined by the iron-wustite (IW) buffer. Lunar basalts crys-

tallized at the IW buffer to 1-2 log units below the IW
buffer (BVSP 1981). Both equilibrium and fractional
crystallization processes were modeled using MELTS.
These calculations provided us with the sequence of crys-
tallization, evolving melt and mineral phase composi-
tions, percent crystallization, and temperature.

Using the melt compositions calculated from MELTS,
we calculated changing Dgivi* over the temperature inter-
val of olivine crystallization from the relationship defined
by Hart and Davis (1978) (Fig. 3):

Dﬁlliivine = (12413/M gOMeh) —0.897.

More recent formulations of the relationship between
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TaBLE 1. Chemistry of Apollo 12 olivine basalts
Sequence 1 2 3 4 5 6
wt% 12009 12075 12020 12018 12040 12035
Sio, 45.03 44,93 4457 43.9 43.88 43.17
TiO, 2.90 2.69 2.76 2.59 2.45 2.28
ALO, 8.59 8.39 7.07 7.97 7.27 8.03
FeO 21.03 20.47 20.98 20.96 21.09 22.20
MnO 0.28 0.27 0.27 0.27 0.27 0.29
MgO 11.55 13.86 14.40 15.23 16.45 15.49
ca0 9.42 8.59 8.60 8.33 8.01 8.08
Na,O 0.23 0.27 0.22 0.22 0.17 0.21
K,O 0.06 0.06 0.06 0.05 0.05 0.05
P,O, 0.07 0.12 0.08 0.07 0.06 0.06
s 0.06 - 0.06 0.05 0.04 0.05
Cr,0, 0.55 0.60 0.61 0.62 0.63 0.49
Total 99.77 100.25 100.38 100.26 100.37 100.40
Mg’ 0.494 0.547 0.550 0.564 0.581 0.554
ppm
Ni 52 63 50 55 40 33
Co 49 61 61 58 61 53
Dgivire @and melt composition (Kinzler et a. 1990) dem-
Temperature (degrees C) onstrated that the equation of Hart and Davis (1978) pre-
1263 1243 1223 dicted Dgivr higher than measured for melt compositions
el at high MgO and high FeO. Fortunately, at the melt com-
12 e Ni positions used here (8—12 wt% MgO), the Hart and Davis
° (1978) formulation is similar to that of Kinzler et al.
° (1990). The result of the formulation differs from that of
b Jones (1995) (9.8 compared to 7.4), but was selected be-
10 Fo® cause it also agreed closely with our measured value. We
then calculated two sets of values for Dgiviee, The first
values of Dgvi (D, ) was calculated for each D, olivine/
- melt using the formulation of Jones (1995):
PR Dgivire = (0,235 Dglivie + 0.476.
E S We also calculated the D2vire based on the Co content of
OQZ 6 the alivine core and bulk composition of sample 12009
(De.,)- The change in this Dgivine with temperature was set
o Co» to be equivalent to the variation observed in D,,. Based
® g on the results from MELTS and the calculated Dgivie, we
4 -oe determined the behavior of Co and Ni in the melt and
o ® ® e Coi olivine during the crystalization of a basaltic melt with
oe® a composition equal to 12009. The concentrations of Co
2 and Ni in the melt and olivine were calculated at 10 °C
intervals for fractional and equilibrium crystallization
models.
0 1 L 1 RESULTS AND DISCUSSION
12 11 10 9 8

wt% MgO (melt)

Ficure 3. The variation in Dgivre during olivine crystalliza-
tion in 12009. The melt composition and temperature were cal-
culated using MELTS. Dgivr was calculated using the relation-
ship defined by Hart and Davis (1978): Dgliviee = (124.13/MgO)
—0.897. Dgivire was approximated using the relationship between
Dgivire and Dglivire formulated by Jones (1995, personal commu-
nication): Dgivne = 0.235 Dy, + 0.476. Dgiyr was approximated
using the measured ratio Coovine/Cowhale rock and the variability in
D, observed in D, . Open symbols represent the estimated D
value for olivine just prior to olivine crystallization.

The EMP and SIMS (Mn, Co, Ni) data are tabulated
in Table 2. Figure 4 illustrates the typical zoning behavior
for Ni, X, [Fe/(Fe + Mg) (atomic)], Mn, and Co. Nickel
behaves as expected for a compatible element and de-
creases as X, and Mn increases (both Fe and Mn are
incompatible). However, Co is interesting because the
zoning pattern is nearly flat. Kohn et a. (1989) observed
similar behavior for Co in olivine phenocrysts from an
Mg-rich andesite. Kohn et al. estimated that olivine D,
= 4.2, so the flat zoning trends cannot be explained by a
D = 1. Kohn et a. stated that the lack of Co zoning could
be explained in two ways: (1) Co diffusion in olivine is
rapid compared with Mg, Fe, Ni, or Mn; or (2) an in-
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Ficure 4. Elemental zoning trends across an olivine phe-
nocryst in Apollo 12 olivine basalt 12020.

crease in D, with increasing crystallization exactly bal-
ances the depletion of Co in the melt. Kohn et a. discount
the first explanation because it has been shown that the
order of diffusion rates is Mn > Fe = Mg > Co > Ni
(Morioka 1980 1981; Miyamoto and Takeda 1983).

Using the olivine core composition (Ni = 514 ppm, Co
= 196 ppm, Table 2) and the bulk rock composition of
12009 as an estimate of the corresponding melt compo-
sition (Ni = 52 ppm, Co = 49 ppm, Table 1), we cal-
culated D,; = 9.9 and D, = 4.0. This compares to cal-
culated values of D, = 9.8 using the approach of Hart
and Davis (1978), and D, = 2.8 using the relationship
of Jones (1995).

Figure 5 shows the variation of Co, Ni, and Co/Ni vs.
Mn (or olivine Fo values). What is clear from these di-
agrams is that Ni behaves as a highly compatible element
but Co does not, and Co/Ni decoupling leads to a signif-
icant increase in Co/Ni ratios in olivine with crystalliza-
tion. It is also apparent from Figure 5 that the two most
evolved (lower Fo contents in olivine cores) and the most
slowly cooled (coarsest grain sizes) cumulates, 12035 and
12040, behave differently from the other four samples.
This is probably due to the fact that the olivine pheno-
crysts nucleated in more evolved melts (lower Mg'), and
there was more opportunity (slower cooling) for olivine
phenocrysts and melt to react.

Computational crystallization models for 12009 cal-
culated by MELTS approach those of experimental crys-
tallization studies. In the computational equilibrium and
fractional crystallization model for 12009, spinel is the
first phase to crystallize at 1273 °C and is followed by
olivine (Fo,;) at 1263 °C. Experimental studies by Green
et a. (1971) showed that olivine (Fo,s) was the first lig-
uidus phase at approximately 1230 °C and was followed
rather than preceded by spinel. In the computational re-
sults, low-calcium pyroxene crystallized at 1190 °C after
10% olivine crystallization. In the fractional crystalliza-
tion model, crystalization of olivine (Fo,,) terminated
once pyroxene became the liquidus phase. In the equilib-
rium crystallization model, olivine reacted with the melt
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Ficure 5. Systematics of Co (5a), Ni (5b), and Co/Ni (5c)
vs. Mn and Fo contents of olivine in six Apollo 12 olivine
basalts.

to produce pyroxene. During this reaction, the abundance
of olivine decreases and reaches a composition of Fo
upon the crystallization of plagioclase at approximately
1133 °C. Plagioclase became a liquidus phase after 46%
of 12009 had crystallized. Experimental results indicate
that pigeonite becomes a liquidus phase at 1190 °C as a
result of an olivine-consuming reaction. Plagioclase starts
to crystallize at 1040 °C. The olivine composition when
plagioclase starts to crystallize in the experimental runs
is Fo, (Green et a. 1971). The relationship among phases
in sample 12009 are obscured because it chilled rapidly
from 1190 °C and did not precipitate pyroxene or
plagioclase.

Using the melt compositions, sequence of crystalliza-
tion, and proportion of solids from MELTS, we calculated
the fractional and equilibrium trajectories for Ni and Co
during olivine crystalization. Figure 6 compares the cal-
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Ficure 6. (@) Variation in Co and Fo in olivine from Apol-  (Fig. 5) compared to calculated trajectories for olivine. The set

lo 12 olivine basalts compared to calculated trajectories for ol-
ivine. Two different sets of D values were used to calculate
trajectories to illustrate the balance between D and melt com-
position in controlling the Co concentration in the olivine. (b)
Variation in Ni and Fo in olivine from Apollo 12 olivine basalts

of D values illustrated in Figure 3 were used in these calcula-
tions. The inset represents the change in slope with cooling rate.
This is not a result of changing D values for Mg and Ni, but
reflects the anticipated extent of reequilibration due to slower
cooling rate.

culated percentage of Fo and Ni concentration in olivine
with the measured values for the Apollo 12 olivine ba-
salts. As expected from D values significantly greater
than 1, the calculated Ni exhibits a substantial decrease
over a very limited range of Fo percent and degree of
crystallization (10%). Fractional and equilibrium crystal-
lization are fairly similar. As illustrated in Figure 6, the
steep slope calculated corresponds with data for the most
rapidly cooled Apollo 12 olivine basats. More slowly
cooled basalts have more time for olivine-melt reequili-
bration, and data arrays for these basalts have different
slopes (Fig. 6, inset).

In contrast to Ni, the measured and cal culated concen-

trations of Co in the olivine exhibit limited variation over
awide range of Fo percent (Fig. 6). Thisfairly flat pattern
for Co variation reflects the interplay between changing
Daivire and Co content in the melt. At fairly low D values
(but still >1), dlight increases in D with decreasing MgO
of the melt will result in a balance between the decreasing
concentrations of Co in the melt and the preference for
Co in olivine. Only dlightly higher D values for Co
(Dg,,) Will not produce this effect. This relationship is
illustrated better in Figure 7. During olivine crystalliza-
tion, both Co and Ni concentrations should decrease in
the melt (Fig. 7a). Due to its greater compatibility in ol-
ivine, Ni should exhibit a substantial decrease in the melt
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Ficure 7. Caculated Mg’, Ni, and Co in melt (a) and olivine
(b) during the crystallization of a 12009 bulk composition. The
crystallization sequence calculated from MELTS is superimposed
on (a). The range in Mg’ in a is larger than in b. In b, open
circles represent Co in olivine assuming D, = 2.8, whereas open
squares represent Co in olivine assuming D, = 4.0. The varia-
tions of D values illustrated in Figure 3 were used in these
calculations.

(52 ppm - 16 ppm) compared to Co (49 ppm - 38
ppm). With the limited decrease in Co in the melt, the
increasing D should result in the Co concentration in ol-
ivine exhibiting limited variation (Fig. 7b).
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