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Experimental partitioning of rare earth elements and scandium 
among armalcolite, ilmenite, olivine and mare basalt liquid 

ANTHONY J. IRVING, RUSSELL B. MERRILL and DONALD E. SINGLETON* 
Lunar and Planetary Institute, 3303 NASA Road 1, Houston, Texas 77058 

Abstract-Partition coefficients determined experimentally by /3-track mapping for Sm, Tm and Sc 
among coexisting armalcolite, ilmenite, olivine and liquid for a bulk composition similar to high-Ti 
mare basalt 74275 at 1155°C, 1 atmosphere are as follows: Difm = Df{~, = 0.008 ± 0.002, D~m = 
D[i~ = 0.06 ± 0.013, D~m = 2.2 ± 0.4, Db'!lv = 0.013 ± 0.004, Db1llv = 0.05 ± 0.011, Db'l;v = 0.75 ± 
0.17. Other partition coefficients obtained for the same experimental charges by microprobe analysis 
are D~m = 10.5, Dfi~ = 12, D;t':,, = 0.3, Dit~ = 1.2. Our REE partition coefficients for ilmenite are 
in agreement with those determined by McKay and Weill (1976) by percent-level doping methods, 
and suggest that the substitution of REE into ilmenite and armalcolite follows Henry's Law to 
relatively high concentrations. Our data reinforce the conclusion, which Drake and Consolmagno 
(I 976) based on REE and isotope modeling, that an equilibrium partial melting model for the 
generation of high-Ti mare basalts leaving an ilmenite-bearing residuum predicts heavy REE 
abundances in the basalts which are greater than those observed. If, as we argue, Drm is similar to 
D~m, then a role for ilmenite in the generation of high-Ti mare basalts may nevertheless be indicated 
by their factor of 2 higher Sc abundances relative to low-Ti mare basalts. In order to satisfy all these 
constraints in a cumulate partial melting model, ilmenite initially present in the source region would 
have to be consumed before segregation of high-Ti mare basalt liquid from the residuum. 

INTRODUCTION 
Accurate values for trace element partition coefficients are essential for 

realistic chemical modeling of igneous processes. Experimentally-determined 
partition coefficients are preferable to those deduced from natural materials 
(e.g., phenocrysts and matrices) because the effects of varying physical and 
chemical parameters can be monitored accurately by experiment (see Irving, 
1978 for review). This is not to diminish the utility of phenocryst/matrix 
coefficients, which place important constraints on the magnitudes of many 
partition coefficients for which experimental data are not yet available. 

Relatively little information is available on the partitioning of trace elements 
between armalcolite/liquid and ilmenite/liquid. This is unfortunate because 
these Fe-Ti oxides are important early-crystallizing phases in high-Ti mare 
basalts. Furthermore, ilmenite is a liquidus or near-liquidus phase in these 
compositions at high pressures, and has been widely proposed to be a major 
constituent (as much as 50 weight percent) of the source regions of high-Ti mare 
basalts. 

* Present address: Dept. of Geology and Geophysics, University of Connecticut, Storrs, Connecti-
cut 06268 
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602 A. J. IRVING et al. 

Previous experimental determinations of armalcolite/liquid and ilmenite/liq-
uid partition coefficients for several rare earth elements (REE) by Green et al. 
(1971) and McKay and Weill (1976), and for Zr and Nb by McCallum and 
Charette (1978), were all made using unnaturally high levels (0.5-3 weight 
percent) of "trace" elements to facilitate microprobe analysis of phases. It was 
assumed in these studies that the elements of interest show Henry's Law dilute 
solution behavior both at natural concentration levels and at the higher 
experimental concentration levels. This assumption becomes critical if the 
high-level experimentally-determined partition coefficients are to be applied to 
the interpretation of natural processes, and must be evaluated for each element 
and each phase studied (see Irving, 1978). 

The present study was undertaken to measure partition coefficients for two 
rare earth elements (Sm and Tm) and Sc among armalcolite, ilmenite, olivine 
and liquid coexisting in a system modeled on high-Ti mare basalt 74275. This 
"primitive" sample was chosen for study because its major and trace element 
chemistry has been determined (e.g., Rhodes et al., 1976; S. R. Taylor, pers. 
comm., 1976), and its equilibrium phase relations at atmospheric pressure are 
well-known (e.g., Usselman and Lofgren, 1976). /3-track analytical techniques 
similar to those described by Mysen and Seitz (1975) were employed so that 
partition coefficients could be measured in an environment whose bulk trace 
element composition is similar to that of the natural basalt. Partition coefficients 
for Cr and Mn were determined in the same experiments by microprobe 
analysis. 

EXPERIMENTAL TECHNIQUES 

A fine-grained ( <5 µm) homogeneous synthetic mix similar in composition to 74275 was prepared 
from oxides, carbonates and ferrous oxalate by repeated firing and grinding in an agate mortar. The 
mix contained eleven major elements and trace quantities of stable Ba, Zr, Hf, Y, Ce, Gd, Tb, Dy, Er, 
Yb, Lu, Ta and Co at natural levels. The mix was analyzed for Fe, Cr, Na and trace elements by 
INAA, and a homogeneous glass prepared from it was analyzed by microprobe and INAA (see Table 
1). 

Portions of the mix then were doped individually with /j-active isotopes (151Sm, 171Tm or 46Sc in 
dilute HCl solution) to an activity level of ~0.25 mCi/ g. The 151Sm-doped mix contained 10 ppm 
total Sm, including ~1 ppm stable Sm (and ~1.3 ppm stable Eu impurity) from the carrier used in 
the commercially-supplied solution (ICN, Irvine, California). For mixes doped with 171Tm and 46Sc, 
additional quantities of the stable element were added (as Tm Cl3 or Sc(N03) 3 in aqueous solution) to 
produce bulk concentrations ( ~ 1.6 ppm Tm, ~60 ppm Sc) similar to those of the natural basalt. 
Further grinding under alcohol, and then dry, assured homogeneous distribution of the added 
materials, which was verified by later bulk analysis of experimental runs (see Table 2). 

Pellets containing ~70 mg of the doped mixes were attached to 8 mil Pt wire loops (Donaldson et 
al., 1975), then suspended in a gas-mixing furnace (Williams and Mullins, 1976). Oxygen fugacity 
was maintained at about 0.5 log unit above the iron-wiistite buffer by appropriate mixtures of CO and 
CO2• Pellets were first held at 1330°C until completely molten (between 1 and 2 hours). The furnace 
temperature was then decreased to ~1155°C over a period of 15 minutes and maintained within 
several degrees for up to five days. Run durations of five days were necessary to produce crystals large 
enough for convenient analysis. Equilibrium phase relations of the natural 74275 basalt reported by 
Usselman and Lofgren (1976) were confirmed by our early experiments and proved to be a reliable 
guide to experimental run conditions. Charges were quenched within 15 seconds by manually 
extracting them from the furnace. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1978LPSC....9..601I


1
9
7
8
L
P
S
C
.
.
.
.
9
.
.
6
0
1
I

Experimental partitioning of rare earth elements 603 

Table 1. Chemical compositions of synthetic oxide mix, glass, 74275, and Apollo 17 mare basalts. 

Oxide Rangett of Apollo 17 mare 
Mix* Glass** 74275t basalt compositions 

MAJOR ELEMENTS, wt. % 

SiO2 (38.4) 38.7 38.43 37.2 - 41.9 
TiO2 (12.7) 12.3 12.70 9.5 - 13.4 
Al2O3 (8.7) 8.8 8.72 8.2 - 10.2 
Cr2O3 0.60 0.67 0.65 0.17- 0.65 
FeO# 18.3 17.6/17.3 18.14 17.6 - 19.8 
MnO (0.26) 0.24 0.26 0.26- 0.29 
MgO (10.4) 10.2 10.36 6.0 - 10.5 
CaO (10.3) 10.2 10.32 9.7 - 12.4 
Na2O 0.39 0.34 0.35 0.32- 0.48 
K2O (0.07) (0.07) 0.07 0.03- 0.09 
P2Os (0.06) (0.06) 0.06 0.02- 0.11 
SUM 100.18 99.18 100.06 

TRACE ELEMENTS, ppm 

Sc (60) (60) 76 73 - 87 
Co 10.2 8.4 22 14 - 24 
Ba 69 89 95 54 -126 
Ce 37 36 27.2 14 - 25 
Sm 0.08 0.08 9.53 6.9 - 11.4 
Eu 0.09 0.07 1.82 1.5 - 2.3 
Gd (14.1) (14.1) 14.1 11.2 - 17.7 
Tb 5.0 6.5 2.50 
Dy (16.8) (16.8) 16.8 12.7 - 20.2 
Er (10.2) (10.2) 10.2 7.9 - 12.2 
Yb 17.4 17.4 9.75 7.3 - 11.8 
Lu 0.10 0.12 1.51 1.0 - 1.6 
y (100) (100) 100 64 -118 
Zr (238) (238) 238 192 -319 
Hf 9.7 8.9 7.80 6.8 - 10.1 
Ta 0.8 0.8 

*Values in italics were obtained by instrumental neutron activation analysis, others by electron 
microprobe. Parentheses denote values calculated from quantities of components added to mix, but 
not verified by analysis. 

**Glass prepared from oxide mix by melting at 1300°C, f0, 10-10-3 for 2 hours. Pellet was 
mounted on 8 mil Pt wire loop which had been used in an identical experiment once before. Note that 
FeO, Na2O and Co are lower than in the starting mix (see text). 

tMajor element values averaged from Duncan et al. (1974) and Rose et al. (1975). Trace element 
values from S. R. Taylor (pers. comm., 1976). 

ttRange of analyses reported by Rhodes et al. (1976, Tables 1 and 2), with additional data from 
Duncan et al. (1974, 1976). 

#Total Fe as FeO. 
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Table 2. INAA bulk analyses of experimental charges. Runs preceded with an X melted at 1330°C 
(1-2 hours) prior to the crystal-growth experiment. 

Run No.* 4 X27 X30Sm 18 X32Tm X33/l X34Sm X33/2 X36Tm 
Temperature, °C 1152 1150 1157 1330 1152 1148 1113 1136 1146 
Duration, hrs 24 40 126 4 126 120 118 120 118 
Loop history** New New X27 New 18 New X33/1 New X33/2 

FeOt(%) 16.9 16.3 16.4 16.8 17.1 16.4 16.7 16.8 16.8 
Na2O(%) 0.34 0.28 0.26 0.32 0.27 
Cr2OJ(%) 0.72 0.72 0.57 0.70 0.60 0.66 0.62 0.67 0.64 
Co (ppm) 7.0 4.3 4.1 5.2 4.6 4.1 4.3 4.6 4.6 
Ce 40 36 40 38 41 45 42 39 39 
Sm 0.09 0.09 1.06 0.08 1.07 0.08 
Eu 0.06 0.06 1.28 0.07 0.07 0.06 1.33 0.07 0.06 
Tb 4.4 4.7 3.7 4.6 3.3 4.6 4.9 5.1 4.0 
Yb 18.2 18.3 18.7 19.1 19.2 18.0 
Lu 0.12 0.14 0.11 0.12 0.12 0.11 
Ba 85 91 85 110 89 74 
Hf 10.2 9.1 10.1 9.4 10.4 10.6 10.3 9.9 10.1 
Ta 0.9 0.7 0.8 0.7 0.7 0.7 0.8 0.9 0.8 

*Sm denotes charge doped with 151Sm. Tm denotes charge doped with 171Tm. 
**Number denotes experiment in which the same Pt wire loop had been used previously. 
tTotal Fe as FeO. Starting mix contains 18.3 weight percent Fe0. 

Quenched charges were sectioned, and constituent phases analyzed by microprobe. The polished 
probe mounts then were placed in contact with 25 µ-thick glass-mounted nuclear emulsions until 
suitable (1-track densities were obtained for each phase. Exposure times were short enough to make 
corrections for isotope decay negligible. Ilford K5 emulsions were employed for 151Sm and 171Tm, and 
Ilford K2 emulsions for 46Sc, which has both (1 and 'Y activity. Mysen (1978) previously found that K2 
emulsions were less sensitive than K5 emulsions to 'Y activity from 141Ce. Track densities, 
corresponding to the isotope concentration in each phase, were determined by microprobe analysis of 
developed emulsions for silver, using an 18 µm-diameter beam (Holloway and Drake, 1977). For each 
phase, 20 to 30 individual points were analyzed on an emulsion. Background track densities were 
measured on an unexposed area of the same emulsion. Hyperliquidus charges were found to be 
homogeneous with respect to each of the added isotopic tracers. Corrections for silver saturation in 
the emulsions were applied as described by Benjamin et al. (1977), producing changes ofup to 30% in 
the nominal values of partition coefficients. Preliminary results of this study reported by Irving ( 1978, 
Figs. 7 and 25) did not include these corrections. 

Changes in bulk compositions of charges during the high-temperature experiments were examined 
by INAA of quenched run products (Table 2). Sodium loss during the five-day runs ranged between 
18 and 33 weight percent of the Na2O present originally, but the bulk Na2O contents of the charges 
upon quenching were only slightly lower than those of most Apollo 17 mare basalts (Table 1). No 
significant loss of chromium, hafnium, barium or REE could be detected. 

The experimental problem of iron-loss from basaltic charges to platinum containers has been well-
documented and was a major stimulus in the development of the wire loop suspension technique by 
Presnall and Brenner {1974) and by Donaldson et al. (1975). However, Usselman and Lofgren 
(1976) reported that they had lost as much as 10 percent of the iron present during 80-hour, near-
liquidus wire-loop experiments with the natural 74275 basalt. We attempted to reduce iron loss 
during our experiments by using Pt wire loops which had been exposed previously to charges of the 
same composition under very similar experimental conditions, in hopes that we would lower the 
potential of iron across the wire/charge interface sufficiently to prevent significant loss of iron. 
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Fe Loss to 8 mi I Pt Loops 
Starting material 
1330° C (new wire) 

• 1300° C (used wire) 
. 0 1152° c (- wire) 

,J_I_ - - - - - -i~-
• 1330°C then fl366·1150° C (new wires) 
0 1330°C then ll13°-ll57°C (used wires) 

,5.o---25 ___ 50--1-5-----10 ... o--,-25 _ __.,50 
RUN DURATION , Hours 

Fig. 1. Iron loss from experimental charges to 8 mil Pt wire loops as a function of run 
duration. 
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However, just as much iron (6 to 11 percent of the 18.3 weight percent originally present) and cobalt 
(49 to 60 percent of the 10.2 ppm initially there) were lost from charges run with "pre-contaminated" 
wire loops as from charges run with pure Pt loops (compare runs X33/2 and X36Tm in Table 2). One 
reason for this behavior may be that the process of attaching new pellets to the used wires by partial 
fusion (Donaldson et al., 1975) served to redistribute any radial inhomogeneities in iron and cobalt 
content of the used wires. Nevertheless, our data show that most of the loss occurred during the first 
few hours of each experiment (compare runs 4 and 18 in Table 2), after which the rate of loss 
decreased sharply to near zero i.e., for most of the duration of an experiment the bulk composition of 
the charge was constant (see Fig. 1). Whereas this technique could not prevent the loss of iron 
entirely, it did suffice to maintain the bulk compositions of the charges near those of the Apollo 17 
mare basalts. 

RESULTS 

The phase assemblage produced at 1153°~1157°C consists of armalcol-
ite + ilmenite + olivine + spinel + glass. The bladed armalcolite crystals are up 
to 1.5 mm long and 120 µm wide, and skeletal olivines are slightly smaller (see 
Fig. 2). Ilmenite and spinel crystals are much smaller, and only in the 
151Sm-doped charge were ilmenite crystals of sufficient size for quantitative trace 
element determinations by microprobe. 

Major element microprobe analyses of phases in two representative charges 
are reported in Table 3, and weight partition coefficients (D) are given in Table 
4. Quoted uncertainties in the Sm, Tm and Sc partition coefficients are functions 
primarily of the statistics of ,8-particle production and registration. The reprodu-
cibility of the technique is shown by the identical Tm partition coefficients 
obtained in two separate experimental runs (see Table 4). All phases are 
homogeneous in major and trace components within the limits of detection of the 
microprobe. K0 Fe/Mg values for olivine/liquid pairs are 0.29, in agreement with 
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606 A. 1. IRVING et al. 

Fig. 2. (a) Experimental charge X30Sm (1157°C, 127 hours after 1330°C, 1.7 hours) 
in reflected light. Bladed light crystals are armalcolite, gray discontinuous crystals are 
skeletal olivine (associated with tiny spinels), and light skeletal crystals with rounded 
edges (upper right) are ilmenite. Wire loop was located at upper and lower embayments; 
bottom of charge is to the left. Longest dimension of charge is 3.5 mm.(b) ,8-track map 
of same charge depicting distribution of 151Sm. Image is laterally-inverted compared 

with (a). 

Table 3. Microprobe data for phases in experimental runs. 

Run X30Sm (1157°C) X32Tm (1153°C) 

Phase Armalcolite Ilmenite Olivine Glass Armalcolite Olivine Spinel 

Si02 0.22 0.09 37.7 42.0 0.19 38.0 0.30 
Ti02 72.8 55.6 0.16 10.4 73.0 0.13 16.5 
Al2O3 2.30 0.55 0.00 10.3 2.18 0.00 10.2 
Cr2O3 2.24 2.64 0.16 0.22 2.24 0.19 29.5 
FeOt 14.2 31.2 23.1 15.7 14.2 23.3 32.5 
MnO 0.08 0.34 0.32 0.28 0.08 0.31 0.37 
MgO 8.3 9.3 38.6 7.7 8.2 38.4 8.9 
CaO 0.06 0.21 0.33 12.1 0.07 0.28 0.26 
Na20 0.00 0.00 0.00 0.27 0.00 0.00 0.00 
SUM 100.20 99.93 100.37 98.97 100.16 100.61 98.53 
KDFc/Mg 0.84 1.6 0.29 0.82 0.29 1.7 

tTotal Fe as FeO 

Glass 

41.9 
10.2 
10.3 
0.21 

15.7 
0.29 
7.4 

11.9 
0.29 

98.19 
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0.10 
Armolcolite / Liquid 

0.05 11 menite / Liquid 

D 0.02 

O.OI 

0.005 
0 Armolcolite) 11550C this 

Ilmenite sfudy 

• Ilmenite II 40°C 

0.002 
(Mckoy a Weill, 1976) 

Ce Sm Eu Tm Yb 
Fig. 3. Rare earth element partition coefficients for armalcolite and ilmenite compared 
with other experimental values. Ilmenite data from this study are indistinguishable from 

those for coexisting armalcolite. 
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Table 4. Partition coefficients (weight basis) for armalcolite, ilmenite and olivine at 1153°-1157°C. 
Data for Sm, Tm and Sc are by /j-track mapping (standard deviations in parentheses). Data for Cr 

and Mn are by microprobe (from Table 3). 

Element 

Sm 
Tm 

Sc 
Cr 

Mn 

, 
Temp. ( 0 C) 

1157 
1153 
1156 
1156 
1157 
1153 
1157 
1153 

Armalcolite/Liquid 

0.008 (±0.002) 
0.060 (±0.015) 
0.062 (±0.012) 
2.2 (±0.4) 

10 
11 
0.3 
0.3 

Ilmenite/Liquid 

0.008 (±0.002) 
0.06 (±0.01) 
0.06 (±0.01) 

12 

1.2 

Olivine/Liquid 

0.013 (±0.004) 
0.045 (±0.012) 
0.053 (±0.010) 
0.75 (±0.17) 
0.7 
0.9 
1.1 
1.1 

Data obtained from four experimental runs: X30Sm (1157°C), X32Tm (1153°C), X46Tm 
(l 156°C), X47Sc (1156°C). 

the equilibrium value of 0.28 found by Longhi et al. (1978) for other high-Ti 
mare basalt bulk compositions. 

Our Sm partition coefficients for armalcolite/liquid and ilmenite/liquid are 
identical within analytical precision. Track densities for small ilmenite crystals in 
the 171Tm-doped charge could not be measured accurately by microprobe, but 
they are optically indistinguishable from track densities for coexisting armalcol-
ites. Hence we conclude that the Tm partition coefficients for these minerals are 
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608 A. J. IRVING et al. 

virtually identical. Very small ilmenite crystals are also present in the 46Sc-doped 
charge, but we could not estimate an ilmenite/liquid partition coefficient for Sc 
because of the lower sensitivity of the K2 emulsions, coupled with diffuse track 
production by -y-rays. 

DISCUSSION 

Comparisons with other experimental and natural data 
Our Sm and Tm partition coefficients for ilmenite/liquid (and armalcolite/liq-

uid) are in agreement, within error limits, with the ilmenite/liquid REE partition 
coefficients which McKay and Weill (1976) obtained at a similar temperature by 
doping a mare basalt composition to ~3000 times higher concentrations (see Fig. 
3). Although the concentration limits of Henry's Law dilute solution behavior for 
REE in ilmenite and armalcolite have yet to be established, this agreement 
suggests that REE in both experiments do behave as trace elements. Armalcol-
ite/liquid partition coefficients for Eu and Gd reported by Green et al. (1971) 
are less precise, and are slightly higher than the values in Fig. 3. No other 
experimental data exist on Sc partitioning among ilmenite, armalcolite and 
liquid, but we note that our Sc partition coefficient for armalcolite/liquid is 
within a factor of 2-3 of the values ( 4.0-6.9) determined for the isomorphous 
phase pseudobrookite (Fe1+TiO5) by Lindstrom (1976) at 1130°-l 168°C, 1 
atmosphere under highly oxidizing conditions in a terrestrial alkalic basalt 
composition using percent level doping methods. 

The crystal chemistry of armalcolite has been discussed by Smyth (1974) and 
Wechsler et al. (1976). These authors have suggested that trivalent cations such 
as Cr3+ and Al3+ enter the armalcolite structure in the same fashion as Ti3+, 
which can be considered to form a TH+Ti4+O5 component (anosovite). The 
similarity in ionic radii for ScH (0.74 A), TiH (0.67 A) and CrH (0.62 A) 
suggests that Sc also competes for the same crystallographic site; SmH and TmH 
have larger ionic radii (0.96 A and 0.88 A, respectively) but may be accommo-
dated with slight distortion. Our data for Cr partitioning support the findings of 
Ringwood (1970) that ocr values for coexisting near-liquidus ilmenite and 
armalcolite in high-Ti mare basalt compositions are almost identical, and permit 
the suggestion that osc for ilmenite should be similar to that for armalcolite (i.e., 
~2) because of the similar crystal chemical behavior of Cr3+ and ScH in these 
Fe-Ti oxide phases. In contrast, our data for divalent Mn show that DMn for 
armalcolite (0.4) is much lower than for ilmenite (1.2). A DMn value less than 
unity (0.8) was also found by Lindstrom (1976) for pseudobrookite. 

Other estimates of ilmenite/liquid partition coefficients have been made from 
analyses of separated single crystals or oxide concentrates from high-Ti mare 
basalts. Partition coefficients for REE deduced by Palme and Wlotzka ( 1977) for 
liquidus ilmenite in 70535 compare very closely with those in Fig. 3. DSc values 
for ilmenite were estimated by Ma et al. (1976) and Haskin and Korotev (1977) 
to be 1. 1 to 1.3, although these are probably minimum values owing to the use of 
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Olivine/ Liquid 

Ce 
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Fig. 4. Rare earth element partition coefficients for olivine compared with other 

experimental values. 
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separates which must include some late-stage ilmenite (± armalcolite, spinel, 
etc.) more depleted in Sc relative to near-liquidus ilmenite. Data for terrestrial 
ilmenite megacrysts and their host kimberlites from four South African localities 
yield apparent D8c values ranging from 1.3 to 2.9 (Stueber and Goles, 1967; 
Mitchell et al., 1973; Gurney et al., 1973; Mitchell and Brunfelt, 1975; Kahle et 
al., 1975), and support our conclusion that a D8c value of about 2 is a reasonable 
estimate at relatively high temperatures (at least for magmas with relatively low 
Si/O atomic ratio). 

Our olivine/liquid partition coefficients for REE are reasonably consistent 
with other values determined experimentally over a wide range of bulk REE 
concentration (see Fig. 4). The data of McKay and Weill {1976, 1977) were 
obtained on two model lunar highlands basalt compositions doped to percent 
levels, whereas Mysen (1978) used /j-track mapping to study an iron-free 
haplobasaltic composition doped to very low levels. Some of the small differences 
among coefficients from these different studies are probably due to the substan-
tial differences in major element composition of the starting materials (see, for 
example, Irving, 1978). Our D8c value for olivine (0.75) is somewhat higher than 
the values of 0.37 ± 0.01 determined by Lindstrom (1976) at 1112°-l 134°C, 1 
atmosphere for a doped alkalic basalt and 0.265 ± 0.003 obtained by McKay and 
Weill (1977) at 1240°C, 1 atmosphere for a doped Low-K Fra Mauro basalt 
composition. Our Der and DMn values for olivine are very similar to those found at 
similar temperatures in a number of other studies (see Irving, 1978). 

Petrogenetic implications 
Drake and Consolmagno (1976) reviewed models which have been proposed to 
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explain the ongms of high-Ti mare basalts and concluded that equilibrium 
partial melting of an ilmenite (50%)----dinopyroxene ( 43%)----plagioclase (7%) 
cumulate could reproduce the light REE abundances and Eu/Sm ratios of Apollo 
17 high-Ti mare basalts, as well as account for their observed Rb/Sr and Sm/Nd 
isotopic systematics. However, they found that such a model predicted heavy 
REE abundances which were 30% too high. This led them to propose a model 
involving fractional partial melting of an olivine-clinopyroxene-orthopyroxene 
source lacking ilmenite as a residual phase. Drake and Consolmagno noted that 
the apparent failure of their equilibrium partial melting model was a direct 
consequence of the use in their calculations of the ilmenite/liquid REE partition 
coefficients of McKay and Weill (1976). Any doubts as to the validity of these 
partition coefficients (at least at 1155°C and atmospheric pressure) should be 
eliminated by our confirmation at trace concentration levels. 

High pressure experimental studies by Green et al. (1975) demonstrate that 
ilmenite cannot be a residual phase in the source region of 74275, yet an 
important role for ilmenite in the generation of high-Ti mare basalts is indicated 
by data for elements other than REE. Ma et al. (1976) argue that the factor of 
2-4 higher abundances of Sc, Hf and Ta in high-Ti relative to low-Ti mare 
basalts are most readily explained by the presence of residual ilmenite in the 
source region of high-Ti mare basalts. Duncan et al. ( 197 4, 197 6) reach similar 
conclusions on the basis of ratios of other incompatible elements such as Zr and 
Nb. The only equilibrium partial melting model consistent with these various 
lines of evidence appears to be one in which ilmenite is initially present in the 
source region but is consumed by melting before segregation of the high-Ti mare 
basalt liquid from the residue. Assimilative models, such as that of Ringwood and 
Kesson (1976) involving reaction between ilmenite pyroxenite and low-Ti mare 
basalt liquids, are also consistent with the available evidence. However, rigorous 
testing of these and other models of mare basalt genesis must await further 
experimental determinations of partition coefficients in systems of appropriate 
chemical composition, with particular attention to the effects of varying temper-
ature and pressure. 

Acknowledgments-We thank Gary Lofgren for access to his experimental laboratory facilities, and 
Dennis Smith and Oscar Mullins for maintaining furnaces (and morale). We are very grateful for 
Doug Blanchard's cooperation in handling of isotopic tracers and in permitting us to use his INAA 
facilities. P. E. Long and W. P. Leeman provided very helpful reviews. One of us (D.E.S.) wishes to 
acknowledge a Summer Undergraduate Internship at the Lunar and Planetary Institute, which is 
operated by the Universities Space Research Association under Contract No. NSR 09-051-001 with 
the National Aeronautics and Space Administration. This paper constitutes the Lunar and Planetary 
Institute Contribution No. 333. 

REFERENCES 

Benjamin T. M., Arndt N. T., and Holloway J. R. (1977) Instrumental techniques for ,8-track 
mapping. Carnegie Inst. Wash. Yearb. 16, 658-660. 

Donaldson C.H., Williams R. J., and Lofgren G. E. (1975) A sample holding technique for study of 
crystal growth in silicate melts. Amer. Mineral. 60, 324-326. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1978LPSC....9..601I


1
9
7
8
L
P
S
C
.
.
.
.
9
.
.
6
0
1
I

Experimental partitioning of rare earth elements 611 

Drake M. J. and Consolmagno G. J. (1976) Critical review of models for the evolution of high-Ti 
mare basalts. Proc. Lunar Sci. Conf 7th, p. 1633-1657. 

Duncan A. R., Erlank A. J., Sher M. K., Abraham Y. C., Willis J.P., and Ahrens L. H. (1976) Some 
trace element constraints on lunar basalt genesis. Proc. Lunar Sci. Conj. 7th, p. 1659-1671. 

Duncan A. R., Erlank A. J., Willis J. P., Sher M. K., and Ahrens L. H. (1974) Trace element 
evidence for a two-stage origin of some titaniferous mare basalts. Proc. Lunar Sci. Conj. 5th, p. 
1147-1157. 

Green D. H., Ringwood A. E., Hibberson W. 0., and Ware N. G. (1975) Experimental petrology of 
Apollo 17 mare basalts. Proc. Lunar Sci. Conf 6th, p. 871-893. 

Green D. H., Ringwood A. E., Ware N. G., Hibberson W. 0., Major A., and Kiss E. (1971) 
Experimental petrology and petrogenesis of Apollo 12 basalts. Proc. Lunar Sci. Conf 2nd, p. 
601-615. 

Gurney J. J., Fesq H. W., and Kahle E. J. D. (1973) Clinopyroxene-ilmenite intergrowths from 
kimberlite: A re-appraisal. In Lesotho Kimberlites (P. H. Nixon, ed.), p. 238-253. Lesotho Nat. 
Devel. Corp. 

Haskin L. A. and Korotev R. L. (1977) Test of a model for trace element partition during 
closed-system solidification of a silicate liquid. Geochim. Cosmochim. Acta 41, 921-939. 

Holloway J. R. and Drake M. J. (1977) Quantitative microautoradiography by X-ray emission 
micro-analysis. Geochim. Cosmochim. Acta 41, 1395-1397. 

Irving A. J. ( 1978) A review of experimental studies of crystal/liquid trace element partitioning. 
Geochim. Cosmochim. Acta 42, 743-770. 

Kahle E. J. D., Fesq H. W., and Gurney J. J. (1975) The significance of the inter-element 
relationships of some minor and trace elements in South African kimberlites. In Physics and 
Chemistry of the Earth, vol. 9, (L. H. Ahrens, J.B. Dawson, A. R. Duncan and A. J. Erlank, eds.), 
p. 709-734. Pergamon, N. Y. 

Lindstrom D. J. (1976) Experimental study of the partitioning of the transition metals between 
clinopyroxene and coexisting silicate liquids. Ph.D. thesis, Univ. of Oregon, Eugene. 188 pp. 

Longhi J., Walker D., and Hays J. F. (1978) The distribution of Fe and Mg between olivine and lunar 
basaltic liquids. Geochim. Cosmochim, Acta 42. In press. 

McCallum I. S. and Charette M. P. (1978) Partition coefficients for Nb and Zr among armalcolite, 
ilmenite, clinopyroxene and silicate melt. Geochim. Cosmochim, Acta 42, 859-869. 

McKay G. A. and Weill D. F. (1976) Petrogenesis of KREEP. Proc. Lunar Sci. Conj. 7th, p. 
2427-2447. 

McKay G. A. and Weill D. F. (1977) KREEP petrogenesis revisited. Proc. Lunar Sci. Conf 8th, p. 
2339-2355. 

Ma M.-S., Murali A. V., and Schmitt R. A. (1976) Chemical constraints for mare basalt genesis. 
Proc. Lunar Sci. Conf 7th, p. 1673-1695. 

Mitchell R. H. and Brunfelt A. 0. ( 197 5) Rare earth element geochemistry of kimberlites. In Physics 
and Chemistry of the Earth, vol. 9, (L. H. Ahrens, J.B. Dawson, A. R. Duncan and A. J. Erlank, 
eds.), p. 691-685. Pergamon, N. Y. 

Mitchell R.H., Brunfelt A. 0., and Nixon P.H. (1973) Trace elements in magnesian ilmenites from 
Lesotho kimberlites. In Lesotho Kimberlites (P. H. Nixon, ed.), p. 230-235. Lesotho Nat. Devel. 
Corp. 

Mysen B. 0. (1978) Experimental determination of rare earth element partitioning between hydrous 
silicate melt, amphibole, and garnet peridotite minerals at upper mantle pressures and tempera-
tures. Geochim. Cosmochim. Acta 42, 1253-1263. 

Mysen B. 0. and Seitz M. G. (1975) Trace element partitioning determined by beta track mapping: 
An experimental study using carbon and samarium as examples. J. Geophys. Res. 80, 
2627-2635. 

Palme H. and Wlotzka F. (1977) Trace element fractionation during crystallization of lunar rock 
75035 (abstract). In Lunar Science VIII, p. 747-749. The Lunar Science Institute, Houston. 

Presnall D. C. and Brenner N. L. (1974) A method for studying iron-silicate liquids under reducing 
conditions with negligible iron loss. Geochim. Cosmochim. Acta 38, 1785-1788. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1978LPSC....9..601I


1
9
7
8
L
P
S
C
.
.
.
.
9
.
.
6
0
1
I

612 A. J. IRVING et al. 

Rhodes J.M., Hubbard N. J., Wiesmann H., Rodgers K. V., Brannon J.C., and Bansal B. M. (1976) 
Chemistry, classification, and petrogenesis of Apollo 17 mare basalts. Proc. Lunar Sci. Conf 7th, 
p. 1467-1489. 

Ringwood A. E. ( 1970) Petrogenesis of Apollo 11 basalts and implications for lunar origin. J. 
Geophys. Res. 75, 6453-6479. 

Ringwood A. E. and Kesson S. E. (1976) A dynamic model for mare basalt petrogenesis. Proc. Lunar 
Sci. Conf 7th, p. 1697-1722. 

Rose H. J., Baedecker P. A., Berman S., Christian R. P., Dwornik E. J., Finkelman R. B., and 
Schnepfe M. M. (1975) Chemical composition of rocks and soils returned by the Apollo 15, 16 and 
17 missions. Proc. Lunar Sci. Conf 6th, p. 1363-1373. 

Smyth J. R. (1974) The crystal chemistry of armalcolites from Apollo 17. Earth Planet. Sci. Lett. 24, 
262-270. 

Stueber A. M. and Goles G. G. (1967) Abundances of Na, Mn, Cr, Sc and Co in ultramafic rocks. 
Geochim. Cosmochim. Acta 31, 75-93. 

Usselman T. M. and Lofgren G. E. (1976) The phase relations, textures, and mineral chemistries of 
high-titanium mare basalts as a function of oxygen fugacity and cooling rate. Proc. Lunar Sci. 
Conf 7th, p. 1345-1363. 

Wechsler B. A., Prewitt C. T., and Papike J. J. (1976) Chemistry and structure of lunar and synthetic 
armalcolite. Earth Planet. Sci. Lett. 29, 91-103. 

Williams R. J. and Mullins 0. (1976) A system using solid ceramic oxygen electrolyte cells to 
measure oxygen fugacities in gas-mixing systems. NASA TMX-58167. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1978LPSC....9..601I

	Untitled

