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Abstract—Partition coefficients of the rare-earth-elements (REE) between sulfides (FeS or CaS) and silicate
melt were determined experimentally at 12001300 °C. The REE sulfide/silicate partition coefficients (D)
are <1 under the experimental O and S fugacities, which demonstrates that the REE are mainly located in the
silicate phase. Rare-earth-element partition coefficients in the FeS/silicate system decrease from light to
heavy REE, while the opposite behavior is found for the CaS/silicate system, where partition coefficients
increase from light to heavy REE. In both sulfide systems, Eu is preferentially incorporated into the sulfide
phases, as also expected from thermodynamic calculations. The Eu sulfide/silicate partition coefficient is
about a factor of ten higher than that of neighboring Sm and Gd, in accordance with thermodynamic
predictions of REE sulfide/silicate partition coefficients. The low sulfide/silicate partition coefficients
indicate that CaS (oldhamite) in enstatite achondrites (aubrites) cannot have gained its high REE concen-
trations during igneous differentiation processes. The high REE concentrations and the REE patterns in
aubritic oldhamite are more plausibly explained by REE condensation into refractory CaS. The refractory
nature of CaS prevented major exchange reactions of the oldhamite with other aubritic minerals during the
short differentiation and metamorphism period on the aubrite parent body. Thus, oldhamite in aubrites may
be relict condensates altered to different degrees during short heating events, as originally suggested by

Lodders and Palme (1990).

INTRODUCTION

The distribution of the REE among minerals in differentiated
meteorites provides a tool to decipher the differentiation process
which led to the formation of these meteorites. In order to apply
this tool to the highly reduced and differentiated enstatite achon-
drites (aubrites), the REE distribution in aubritic minerals and the
partition coefficients for the relevant mineral/melt systems need to
be known. Several measurements of REE abundances in bulk
aubrites and in their individual mineral phases are available (e.g.,
Schmitt et al., 1963; Masuda, 1967; Wolf et al., 1983; Graham and
Henderson, 1985; Floss and Crozaz, 1993; Lodders et al., 1993;
Wheelock et al., 1994). Likewise, the REE mineral/melt partition
coefficients are known for some common minerals (e.g., pyroxene,
olivine, diopside, plagioclase) found in aubrites (Kennedy et al.,
1993; Grutzeck et al.,, 1974; Drake and Weill, 1975). However,
oldhamite (ideal formula, CaS) is the main REE carrier in enstatite
meteorites (e.g., Larimer and Ganapathy, 1987; Floss et al., 1990;
Lodders and Palme, 1991; Kurat et al., 1992; Lundberg and Crozaz,
1995), and CaS/silicate partition coefficients are also necessary for
modeling the petrogenesis of aubrites.

Several bulk aubrite samples show relative Eu-depletions when
normalized to chondrites (e.g., Wolf et al., 1983), and because Eu
and the other REE show chalcophile behavior in aubrites, it is
possible that some Eu was removed by a Fe-FeS melt during the
formation of the metal-sulfide core (Lodders and Palme, 1989,
1990). Thus, it is necessary to include the REE sulfide/silicate par-
tition coefficients for CaS and FeS in models of igneous differen-
tiation on the aubrite parent body (APB). Preliminary REE sulfide/
silicate partitioning data were determined and reported at meetings
by several groups (Jones and Boynton, 1983; Lodders and Palme,
1989, 1990; Lodders et al, 1990; Dickinson et al, 1990a,b,c,
1991). Some results were also discussed by Lodders (1991, 1995,
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1996). This paper describes more details of the experimental deter-
mination of CaS/silicate and FeS/silicate partition coefficients, the
theoretical modeling of the partition coefficients, and the implica-
tions for the aubrite parent body.

The experimental data together with other crystal/melt partition
coefficients are used to model the REE distributions among min-
erals in aubrites. It is shown below that the REE distribution among
aubritic minerals cannot be ascribed to simple crystallization
processes because the measured REE concentrations in oldhamite
are much too high to be explained by CaS/silicate partitioning. As
originally proposed by Lodders and Palme (1990), other processes
such as condensation of the REE into CaS from a highly reduced
solar gas and metamorphic redistribution of the REE offer more
plausible alternative explanations for the observed REE distribu-
tions in aubrites.

EXPERIMENTAL PROCEDURES

Rare-carth-element partitioning was investigated in two sulfide/silicate
systems. The first system we describe is the 'FeS'/silicate system. Here and
elsewhere in the text, we refer to stoichiometric and nonstoichiometric FeS
as 'FeS'. The experimental charges consisted of ~200 mg of a tholeiitic
basalt (Vogelsberg area, Germany), 200 mg Fe powder, and 60-150 mg S.
The composition of the basalt is given in Table 1. The fine powdered basalt
was either mixed with REE-oxides at the ppm level suitable for instru-
mental neutron activation analyses (INAA) or with a selected set of three
REE-oxides at the one percent level for electron microprobe (EMP)
analyses. In addition, another set of 'FeS'silicate experiments was done
using an oxide glass similar in composition to the basalt but free of Mn, Cr,
and Fe. This set of experiments was done to avoid the *Mn background
radiation that disturbs the measurement of short-lived REE isotopes (e.g.,
165Dy). The use of a Fe-free starting silicate also helped to monitor the
approach to equilibrium because Fe must diffuse from the suifide into the
silicate. The final concentrations of Fe in this silicate after the experiment
were indistinguishable from the Fe concentration in the basaltic melt equi-
librated with a Fe-sulfide under otherwise similar conditions.

The second system (CaS/silicate) utilized a starting silicate similar in
composition to the silicate portion of enstatite chondrites (Table 2). Appro-
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TABLE 1. Composition of starting silicates for REE 'FeS'silicate
partitioning experiments and amounts of REE added for INAA.

Tholeiitic Oxide REE Spike
Basalt (wWt%) Glass (Wt%) (ppm)

MgO 11.67 11.27 La 250
Al,O4 11.69 14.59 Pr 1500
Sio, 49.59 55.28 Nd 1000
Ca0 8.76 11.16 Sm 50
TiO, 2.37 2.96 Eu 30
FeO 10.22* 0.00 Gd 1500
Na,O 243 2.75 Tb 300
K,0 1.64 1.90 Dy 50
Total 98.37 99.91 Ho 100

Yb 300

Lu 40
*All Fe as FeO.

priate oxides (SiO,, Al,0;, MgO, TiO,) and carbonates (Na,CO;, K,CO;)
and REE-oxides were mixed together and reacted for 24 h at 1000 °C to
release CO, and then fused at 1500 °C in glassy C crucibles (Sigradur,
Germany) under N,. The use of glassy C crucibles allows easy recovery of
the fused silicate. Three starting silicates were prepared: a REE-free
silicate for reversal experiments (series I in Table 2); a silicate containing
Sm, Eu, Gd (series II); and a silicate containing La, Yb, and Lu (series III).
About one wt% of each REE-oxide was added. The resulting silicate
consisted of ~20 wt% glass and 80 wt% crystallized enstatite. Table 2 lists
the bulk composition of the three starting silicates and the composition of
the glass and enstatite from series II. The EMP analyses show small
amounts of CaO in the glass, which must have been introduced by im-
purities in the starting chemicals. For use in the experiments, the hard
silicate was crushed and powdered in an Fe-mortar, which led to minor Fe
contamination, as can be seen from the analyses of the run products. Com-
mercially available CaS (Alfa-Johnson Matthey) was used in the experi-
ments, and the purity of the CaS was checked by x-ray diffraction. The
x-ray pattern of CaS showed good agreement with the Powder Diffraction
File (PDF) data (PDF 8-464) for crystalline CaS.

About 200 mg of the silicate starting material and 200 mg of sulfide
were used in each experiment. The powdered starting materials (<100 xm)
were equilibrated at 12001300 °C in evacuated silica tubes for varying

TABLE 2. Composition of starting silicates (Series I-III) for REE CaS/silicate
partitioning experiments and silicate portion of EH- and EL-chondrites.

time periods. Most samples in the 'FeS'/silicate system were placed directly
in the silica tubes. Several 'FeS'/silicate experiments were done under more
reducing conditions by placing some samples in corundum or mullite
crucibles, which were surrounded by Al-foil as an O getter. The crucible
and Al-foil were then placed into silica tubes and evacuated. All
CaS/silicate experiments were done by placing the well-mixed charges into
mullite crucibles, which were placed into silica tubes and then evacuated.
The duration of the experiments was limited by the stability of the silica
tubes at 1200 or 1300 °C, especially under more reducing conditions. After
the experiments, the silica tubes were cooled in air. The tubes used for
experiments under more reducing conditions often expanded in volume.
This expansion was probably due to the evolution and expansion of S vapor
during heating. After removal from the furnace, the tubes became fairly
brittle, and the tubes containing reduced charges preferentially tended to
implode during cooling. Quenching of the experimental charges in ice
water was not done, because the CaS samples quickly dissolve and react
away in water after implosion of the tubes.

The 'FeS' and CaS-bearing charges were mounted and sectioned for
EMP analyses. The sulfide and silicate in the 'FeS'-bearing charges were
separated for INAA. The sulfide and silicate in the CaS-bearing charges
could not be separated and thus were not analyzed by INAA. All sample
sections were prepared by cutting and polishing the samples in oil because
water would oxidize or dissolve the sulfides. The INA analyses were done
by irradiating 5-80 mg of sulfide and 3-20 mg of silicate in polyethylene
capsules at the TRIGA Mark II reactor of the Johannes Gutenberg-Uni-
versitit Mainz. Gamma ray counting procedures and evaluation of the
gamma spectra were done by using the standard methods of the Mainz
cosmochemistry group (e.g., Winke et al, 1977). Electron microprobe
analyses were done with the CAMECA SX50 electron microprobe at the
Lunar and Planetary Laboratory in Tucson. The REE were analyzed using
ZAF correction procedures and the REE standards of Drake and Weill
(1972). About five to ten analyses of each phase were performed.

RESULTS

All analytical results and REE partition coefficients are listed in
Tables 3—5. The partition coefficients are expressed as weight ratios
of concentration in sulfide over concentration in silicate phase
analyzed.

The 'FeS'/Silicate System and REE 'FeS'/Silicate
Partition Coefficients

The charges from the 'FeS'/silicate experiments resulted in 'FeS'
or Fe-metal bearing 'FeS' spherules and silicate glass, which
were easily separated for further analyses. Instrumental
neutron activation analyses data for REE partitioning

experiments between 'FeS' and basalt or 'FeS' and initially

SericsI  Series Il Series Il Series I  Serics II EH! EL Fe-free oxide melt are listed in Table 3a. All experiments
Bulk Bulk Glass Enst. Bulk . . . .
listed in Table 3a were done without Al-foil as an O getter.
MgO 35.35 3497 12.11 40.59 35.04 30.78 34.61 The results from experiments using either the tholeiitic ba-
Al, 0,4 2.35 2.26 9.84 <0.12 222 2.68 2.94 salt or the 'oxide'- melt are very similar. Table 3b gives
Si0, 60.45 5813 60.17 5984 5810  62.56 58.93 INAA results for experiments under more reducing condi-
CaO 0 0 1.60  <0.02 0 2.08 2.09 tions, where Al-foil was included. The 'FeS'silicate parti-
Tio, 0.22 021 041 <0.05 021 0.13 0.14 tion coefficients are displayed in Fig. 1.
Na,0 1.05 1.01 1.97 <0.04 1.01 1.61 1.17 ot .- .
K.0 0.19 019 0.51 0 019 017 013 Generally, REE 'FeS'/silicate partition coefficients de-
L221203 0 0 0 0 1 480 ppb 330 ppb  crease from light to heavy REE, except for Eu, which
Sm,0, 0 0.96 4.76 <0.026 0 284ppb  232ppb  partitions about ten times stronger into the sulfide than
Eu,04 0 0.93 455 <0.025 0 109 ppb 93 ppb neighboring Sm or Gd. Experiments conducted under
Gd,0;4 0 0.97 460  <0.029 0 432ppb 183 ppb  more oxidizing conditions (runs without Al-foil as an O
Ib283 g g 8 g ggg ‘3”139 Pgb %8 Pgb getter, discussed in the section on the calculation of fO,
U035 . PP pp "FeS'/sili iti
Tol 1000 1000 10060 9989 1000 1000 1000 204 [ below) show lower REE 'FeSisilicate partition

wt% if not noted otherwise.

Series I: REE free silicate for reversal experiments.
Series II: Silicate spiked with Sm, Eu, and Gd.
Series III: Silicate spiked with La, Yb, and Lu.

*Bulk silicates consist of ~80 wt% enstatite and 20 wt% glass after fusion in all series
(L, IL, IIT). The composition of the enstatite and glass in silicate from series II are listed

as a represenative example.

tSilicate portion of enstatite chondrites renormalized to 100% (Wasson and Kallemeyn,

1988), with all Ca and REE calculated as oxides.

coefficients. Results from INAA give the bulk composi-
tion of the segregating metal-sulfide phase. Partition coef-
ficients for experiments where three phases coexist (metal,
sulfide, silicate) must be regarded as (Fe + 'FeS")/(bulk
silicate) partition coefficients. Thus REE partition coeffi-
cients for (pure 'FeS')/silicate must be larger than the (Fe +
'FeS')/silicate partition coefficients because of dilution of
the 'FeS' phase with Fe-metal in the latter.
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FIG. 1. Rare-earth-element 'FeS'/silicate partition coefficients for varying
fO, and fS, at 1200 °C. Partition coefficients decrease from light to heavy
REE, except for Eu, which shows preferential incorporation into Fe sulfide
when compared to neighboring Sm and Gd. The experimental data are from
Tables 3a and 3b.

Experiments done with basalt and REE concentrations suitable
for EMP show similar results. These data are listed in Table 4. Ex-
periments conducted at 1200 °C under more reducing conditions led
to minor amounts of plagioclase formation in the silicate. This
effect was not observed in experiments without Al-foil as an O get-
ter. Plagioclase is a potential sink for the REE, especially Eu, as is
well known from the literature (e.g., Drake and Weill, 1975). If
plagioclase is present, the REE partition coefficients calculated from
the bulk silicates of reduced experiments analyzed by INAA must
be interpreted as (Fe + 'FeS')/(matrix + plagioclase) partition coeffi-
cients. Because the plagioclase leads to more Eu (and other REE) in
the bulk silicate, the 'FeS'/matrix partition coefficients are expected
to be somewhat higher than those for (Fe + 'FeS")/(matrix + plagio-
clase). Table 4 lists calculated 'FeS'/ matrix partition coefficients
from the EMP analyses of the matrix. These data show that under
comparable O and S fugacities, REE 'FeS'/matrix partition coeffi-
cients are slightly higher (runs FEA and FYA) than the 'FeS'/bulk
silicate partition coefficients (runs QR1 and QR2).

The EMP analyses of the 'FeS' from samples with high REE
concentrations (~1 wt% in 'FeS'") turned out to be complicated be-
cause the REE are inhomogeneously distributed in the sulfide phase
and therefore the sulfides were analyzed by INAA (Table 4). The
inhomogeneous distribution of REE in Fe sulfide is illustrated in
Fig. 2 for an experiment where both 'FeS' and CaS were present (run
CED in Table 5). Shown are single spot analyses for Eu and Sm in
CaS and 'FeS', respectively. The Sm and Eu data for CaS show a

TABLE 4. Partitioning experiments between 'FeS' and tholeiitic basalt at
high REE concentrations suitable for EMP analysis.

Run FYA* FYC* FEA? FEB?
T (°C) 1190 1291 1196 1203
Time (hrs) 15 15 16 17
Xpeo matrixt  0.014  0.004 0.005 0.012
Xg sulf$ 0.540  0.526 0.544 0.513
log fO,* -10.8 -119 -11.6 -12.3
log fS,* 0 —-0.55 0 -1.4
wt% 'FeS' (INAA)

Fe 59.28  60.80 Fe 58.74 62.20
Na 0.163  0.140 Na 0.202 0.040
K 0.075  0.048 K 0.190 0.027
Mn 0.038 0.010 Mn 0.024 0.107
La 0279  0.156 Sm 0.155 0.004
Yb 0.032  0.032 Eu 0.322 0.071
Lu 0.076  0.012 Gd 0.155 0.005
wt% Matrix (EMP)

Sio, 54.15  59.19 Sio, 56.09 50.99
Al, 04 13.57  11.05 Al, O, 14.07 14.45
CaO 10.80 8.50 CaO 9.65 11.89
MgO 7.53 10.53 MgO 7.67 9.04
TiO, 218 1.44 TiO, 1.64 2.96
Na,O 0.15 0.83 Na,O 0.73 0.95
K,0 0.16 0.78 K,0 0.60 0.89
FeO 1.45 0.41 FeO 0.53 1.26
La,04 2.19 1.51 Sm,04 3.30 2.81
Yb,0; 4.39 1.95 Eu,04 0.89 1.56
Lu,0; 3.34 1.99 Gd,0;4 434 3.01
Total 9991 98.18 Total 99.51 99.81
other phases® en, an - en dio
D(La)@ 0.15  0.12 D(Sm)@ 0.054  0.0017
D(Yb)@ 0.008  0.019 D(Eu)@ 0.419 0.053
D(Lu)@ 0.026  0.007 D(Gd)@ 0.041 0.0019

*Experiments with La, Yb, and Lu.

tExperiments with Sm, Eu, and Gd.

fMole fraction FeO of silicate matrix after the experiment.

$Mole fraction of S in Fe sulfide phase after experiment. Mole fraction of
S is defined so that Xg, + Xg=1.

*#Fugacities are estimated from phase assemblages after the experiment.
$Other phases present in the silicate: An = anorthite; dio = diopside; en =
enstatite; no other phase observed.

@Partition coefficient D = (concentration of element in sulfide)/(concen-
tration of element in silicate matrix). Note the necessary conversion from
oxide to element for computing partition coefficients.

relatively homogeneous distribution (4—6% variation) while the data
for 'FeS' spread more significantly and make it difficult to obtain a
representative analyses. The different solid solution behavior of the
REE in 'FeS' and CaS may be understood by comparing the FeS-
CaS and FeS-EuS phase diagrams. The literature phase diagrams
are shown in Fig. 3. The FeS and CaS phase relations show that
there is almost no solid solubility of CaS in FeS (e.g., Skinner and
Luce, 1971). EuS is chemically very similar to CaS, and similar
behavior is expected in the EuS-FeS system. Meyer and Pink
(1973) note that the solid solubility of EuS in FeS, if any, is very
small. The inhomogeneous distribution of the REE in 'FeS' is most
likely due to REE sulfide exsolution from 'FeS' during cooling, so
that EMP analyses of the REE in 'FeS' are more unreliable than the
bulk analyses of 'FeS' by INAA, which integrates the concentration
over the whole sample. Replicate INA analyses of 'FeS' from
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TABLE 5. Experimental conditions, concentrations of REE in CaS and silicate, and REE CaS/silicate partition coefficients.

Run CYA* CYC* CYB* CEIf CECt CEE? CEH! CED#
(Rev.) (Rev.)
T (°C) 1202 1306 1308 1202 1273 1295 1304 1308
Time (hrs) 18 21 20 18 16 16 22 26
log fO,/fS,* -7.6 -7.2 =72 -1.6 -72 -7.1 -7.2 -6.9
wt% Oldhamite
Ca 51.80 48.67 47.46 Ca 49.31 50.31 4991 48.53 52.97
Mg 1.76 44 4.83 Mg 0.11 2.27 2.40 3.62 0.46
Fe 0.30 0.92 1.04 Fe 0.37 0.69 0.88 0.92 1.88
Na 0.12 0.11 0.09 Na 0.10 0.08 0.09 0.19 0.09
S 42.36 43.52 43.17 S 43.64 41.23 41.70 44.75 44.58
La 0.39 0.15 0.21 Sm 0.75 0.53 0.55 0.79 0.42
Yb 043 0.46 0.52 Eu 0.83 0.68 0.78 1.04 0.49
Lu 0.39 0.42 0.45 Gd 0.71 0.48 0.51 0.99 0.41
Total 97.55 98.65 97.77 Total 95.82 96.27 96.82  100.8 101.3
Xeas® 0.943 0.860 0.845 Xeas® 0.940 0.923 0916 0.880 0.962
XMgs 0.053 0.128 0.142 XMgS$ 0.055 0.068 0.073 0.108 0.014
Xpes® 0.004 0.012 0.013 XFes 0.005 0.009 0.012 0.012 0.024
wt% Silicate Matrix
Sio, 52.04 45.39 47.23 Sio, 54.27 50.84 52.96 47.32 57.78
Al, 04 11.03 21.43 19.71 Al, 04 11.58 10.29 10.30 16.83 6.48
Ca0 15.75 15.30 14.68 Ca0O 16.20 20.38 18.91 14.76 23.11
MgO 8.12 15.16 15.68 MgO 8.69 11.72 10.88 17.42 6.51
TiO, 0.79 0.31 0.32 TiO, 0.96 0.99 1.24 0.28 1.39
Na,O 0.17 0.19 0.20 Na,O 0.10 0.08 0.13 0.17 023
K,0 0.18 0.16 0.18 K,0 0.145 0.08 0.14 0.15 0.28
FeO 0.06 0.14 0.13 FeO <0.03 0.18 0.14 0.10 0.59
La,0, 3.68 0.44 0.46 Sm,0; 2.15 1.83 1.88 0.75 0.89
Yb,0; 3.39 0.37 0.36 Eu,0; 0.52 0.68 0.80 0.56 0.50
Lu,04 335 0.40 0.42 Gd,0, 2.29 1.69 1.76 0.92 0.98
Total 98.56 99.29 99.37 Total 96.91 98.76 99.14 99.26 98.74
Xca0® 0.191 0.168 0.159 Xca0®@ 0.188 0.228 0.209 0.159 0.253
Xpeo® 0.0006 0.0012  0.0011 Xreo® 0.0003  0.0016  0.0012  0.0008  0.0033
other phases® en - - en en dio - -
D(La)¥ 0.12 0.41 0.52 D(Sm)¥ 0.45 0.34 0.34 1.23 0.55
D(Yb)¥ 0.14 1.44 1.57 D(Eu) ¥ 1.87 1.13 1.14 2.16 1.14
D(Lu)¥ 0.13 1.04 1.20 D(Gd)* 0.36 033 034 1.24 0.48

*Starting silicate spiked with La, Yb, and Lu (Series II in Table 2).
TStarting silicate is REE free (Series I in Table 2). "Rev." indicates that REE were initially contained in CaS.
IStarting silicate contains Sm, Eu, and Gd (Series III in Table 3).

SExperiment also contains FeS.

#Fugacity ratio estimated from CaS/CaQ concentrations, see text.

$Mole fraction in oldhamite.
@Mole fraction in silicate matrix.

°Other phases present in the silicate: dio = diopside; en = enstatite; no other phase observed.
¥Partition coefficient D = (concentration of element in sulfide)/(concentration of element in silicate matrix). Note the
necessary conversion from oxide to element for computing partition coefficients.

individual runs resulted in no differences in REE concentrations
(with absolute concentrations of different REE ranging from 10 to
1000 ppm) within gamma counting statistics. In addition, the lower
bulk REE concentrations in experiments designed for INAA (e.g.,
15 ppm Eu) may also preclude REE exsolution from the 'FeS', while
samples containing percent levels of REE (e.g., ~1 wt% Eu) are
more likely to exsolve EuS from 'FeS' during cooling.

Calculation of O and S Fugacities in the 'FeS'/Silicate
System—It is necessary to know the oxygen and sulfur fugacities
during the experiment to apply the measured partition coefficients to
natural systems. As in the other previous studies (Jones and Boynton,
1983; Dickinson et al., 1990a,b, 1991), no direct measurement of

the fO, and fS, was possible because samples were equilibrated in
evacuated silica tubes. Unlike experiments which utilize gas-
mixtures in open (flow) systems to superimpose fO, or fS, on
experimental charges, the fugacities in equilibrium with the samples
here were controlled by the sample compositions, and in particular,
by the amount of S added. During the experiment, silicate and
sulfide, and in some cases metal, coexist. The fO, and fS, can then
be estimated from the phase compositions after the experiment. In
some experiments, Al-foil was added separately as an O getter to
lower the fO,. However, the Al-foil also reacted with S, and the fO,
of the Al-Al,O3 buffer was not reached. The fugacities for these
runs were also calculated from the resulting phase assemblages.
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FIG. 2. Electron microprobe spot analyses of Sm and Eu in a sample 1000 | - 4
containing CaS and FeS (sample CED in Table 5). The data obtained in 930£10°C .
FeS scatter significantly while measurements in CaS yield data which are 61.5%
consistent within + 4-6%. The scatter in FeS can be explained by
exsolution of the REE from FeS during quenching, while REE remain 800 b— 1 A I A 1 . 1 P
dissolved in CaS. See text for details. 0 20 40 60 80 100
The calculation of the O and S fugacities in the 'FeS' bearing FeS (wt%)

experiments is the same as discussed earlier for similar partitioning
experiments on Mo and W (Lodders and Palme, 1991).

Depending on the amount of S added to the experimental
charges, three different types of phase assemblages are possible at
run temperature. If we define the mole fraction of S (Xs) in the bulk
(metal-) sulfide phases of the run products so that Xg, + Xg = 1,
we can use the phase relations of the Fe-S system (Kubaschewski,
1982) to determine the coexisting phases (other than gas phase) at
run temperature. At 1200 °C, the three possible types of phase
assemblages are: (1) Three coexisting phases: silicate melt, solid
Fe-metal and Fe-rich 'FeS' for Xg < 0.385; (2) two coexisting melts:
silicate melt and Fe-rich 'FeS'-melt (for 0.385 < Xg < 0.5 ); and (3)
two coexisting melts: S-rich 'FeS' melt (for Xg > 0.5) and silicate
melt. Literature data for S fugacities above Fe-sulfide melts as a
function of composition, (i.e., Xg) have been compiled and assessed
by Schiirmann and Henke (1972). The mole fraction of S in the
bulk (metal)-sulfide was calculated after the experiment. The fS,
over (metal bearing)-sulfide melts at run temperature was then
derived using the Xg-fS, relations from the literature (see Fig. 1 in
Lodders and Palme, 1991).

The O fugacity (fO,) was calculated by assuming ideal solution
of FeO in the silicate, so that the activity of FeO (apeo) equals the
mole fraction of FeO (Xgeo) in the silicate. Turkdogan (1983)
summarized experimentally determined FeO activities, and these
data suggest that the FeO activity coefficients in silicate melts are
close to unity. The fO, was calculated from the equation:

log fO, =2 [log Xge0 — log ag, — log Kiw] Eq. (1)

where Ky is the temperature dependent equilibrium constant for
the iron-wiistite buffer (log Ky =—3.416 + 13834/T for 1184-1665
K; Kubaschewski and Alcock, 1979) and ag, is the activity of Fe. In
the case where three phases (metal, sulfide, and silicate melt) are

FiG. 3. The FeS-CaS and FeS-EuS phase diagrams (after Vogel and
Heumann, 1941; Heuman, 1942; Meyer and Pink, 1973). Dotted lines are
extrapolated to the melting points (Medvedev et al., 1979; Gmelin et al.,
1983). Below the eutectic temperatures, almost no solubility of EuS or CaS
in FeS occurs.

present during the experiment, the activity of Fe metal (ag) equals
one, and the fO, is only a function of the FeO concentration of the
silicate. In experiments where Al-foil was included as an O getter to
obtain more reducing conditions, metal can contain Si and the
activity of Fe is less than one. In principle, the reaction Si (in Fe
metal) + O, = SiO; (in melt) could be used to calculate the fO, of
these samples. Although the activity of Si in Fe metal is known,
Si0, activities in silicate melts are more uncertain. Also, INAA is
not sensitive to measure Si. Quenching will also alter the Fe-Si-S
bearing phases as was observed by the exsolution of 'FeS' from the
Si-bearing metal in experiments EQ9 and EQ10. The listed fO,
values were calculated from Eq. (1) assuming ag, = 1 and give only
upper bounds of the fO, for these experiments. Taking ag, ~ 1 is a
reasonable assumption for samples with low concentrations of Si in
the metal.

In the second case, where solid Fe metal is absent and Fe-rich
'FeS' melt and silicate melt are present during the experiment, the
Fe-activity data from Stofko ef al. (1974) were used to calculate the
fO, from Eq. (1). The activity data, together with the fO, and fS,,
are listed in Tables 3 and 4.

The O fugacity in the third case, with S-rich FeS melt and sili-
cate melt, was obtained using the reaction:

FeO (silicate) + 0.5 S2 (g) = FeS (sulfide) + 0.5 02 (g) Eq. (2)

Once the fS, is derived from the Fe-S phase relations, the fO, can
be calculated from:
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log fO, = 2[log K; — log ageg + log Xge.0] +10g fS;  Eq. (3)

where the activity of the pure FeS melt is taken agsg = 1. The data to
calculate the equilibrium constant (K, = Kges/Kyyw) were taken from
the JANAF Tables (1985) and Kubaschewski and Alcock (1979).

The CaS/Silicate System and REE CaS/Silicate
Partition Coefficients

Analytical results and REE partition coefficients between CaS
and silicate are listed in Table 5 and displayed in Fig. 4. Oldhamite-
bearing samples spiked with Sm, Eu, and Gd for EMP analyses
appear pinkish after the experiment, while samples containing La,
Yb, and Lu appear greenish. In all experiments, small CaS grains
and aggregates were surrounded by silicate glass. X-ray patterns
obtained from the samples are similar to those of the synthetic CaS
used and show the presence of crystalline CaS. The melting point
of pure CaS is 2450 = 50 °C (Medvedev et al., 1979), so that no
CaS melt is expected at run temperatures of 12001300 °C. The
larger CaS aggregates probably formed by sintering. The silicate
melt acts as a sintering aid (e.g., Kingery et al., 1976) and promotes
growth of the CaS aggregates. The introduction of Mg (up to 5 wt%)
into CasS is explained by exchange reactions of CaS and silicate melt
during sintering. Although the starting silicates are essentially CaO-
free before the experiment, the matrix can contain up to 15 wt%
CaO after equilibration with CaS. Before the experiment, the REE
were concentrated in the glass of the starting silicate, which made
up ~20 wt% of the bulk silicate. The enstatite in the starting silicate
did not contain any significant amounts of REE. During the experi-
ment, the amount of enstatite decreased and the amount of melt in-
creased by incorporation of Ca from the CaS. Experiments con-

La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er TmYb Lu

1270-1310°C

D (CaS/Silicate)

REE initially in

O cas
@® Silicate
A Silicate,
coexisting FeS
0.1 4 § I N B | 1 1 1 1 1 1 1 1 1 [

La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er TmYb Lu

FIG. 4. Rare-earth-element CaS/silicate partition coefficients for tempera-
tures between 1270 °C and 1310 °C. Europium shows preferential incor-
poration into CaS when compared to Sm and Gd. Partition coefficients for
La are smaller than that of Yb and Lu. Note that La, Yb, and Lu were
grouped together in the same charges. Experiments where the REE were
initially contained in CaS show values 2—4 times higher than those obtained
from experiments where the REE were initially contained in the silicate.
Although equilibrium was not reached, the partition coefficients are much
lower than the value of ~100 needed to explain magmatic incorporation of
the REE into oldhamite in aubrites. The data are from Table 5.

ducted at 1200 °C also contain enstatite crystals in the silicate
matrix, but enstatite was not present after heating at 1300 °C.

Rare-earth-element partition coefficients at temperatures be-
tween 1270-1310 °C show an increase from light to heavy REE
(DLa ~ 0.5 to DLu ~ 1.1), with the exception of Eu (Fig. 4). Euro-
pium shows a preferential incorporation into CaS (DEu ~ 1.2) when
compared with neighboring Sm and Gd. The partitioning behavior
of Eu between CaS and silicate is similar to Eu partitioning between
'FeS' and silicate. However, the overall trend for REE partitioning
into CaS is an increase in D values from LREE to HREE. This
trend is opposite to that found for REE partitioning between 'FeS'
and silicate (D values decrease from LREE to HREE).

Experiments that were conducted with REE-spiked CaS and
initially REE free silicate show similar results to experiments where
the REE had to move from the silicate into CaS. However, the
CaS/silicate partition coefficients for these 'reversal’ experiments are
higher (about a factor of 2 for Eu and ~4 for Sm and Gd), which
indicates that equilibrium was not reached within the duration of the
experiments. Thus, the results for the REE-spiked CaS experiments
give upper limits for REE partitioning between CaS and silicate
melt while experiments with REE-spiked silicate give lower limits.
Unfortunately, longer experimental durations (>24 h) were ham-
pered by the instability of the silica tubes used for containment of the
charges. Nevertheless, the attempted reversal experiments demon-
strate that the REE CaS/silicate partition coefficients are small and
that the REE favor the silicate instead of CaS.

Calculation of O and S Fugacities in the CaS/Silicate
System—The derivation of the O and S fugacities for the CaS/silicate
experiments was more complicated than that for 'FeS'/silicate sys-
tem described above. Because the CaS experiments were almost Fe-
free, the 'FeS' phase relations could not be used for calculating the
fO, and fS,. The fugacities in the CaS experiments are determined
by the reaction:

CaO (silicate) + 0.5 S, (g) = CaS (sulfide) + 0.5 O, (g) Eq. (4)

A rough estimate of the fugacity ratio, fO,/fS, was obtained by
assuming ideal solution behavior of CaS in the sulfide and CaO in
the silicate melt, or by assuming that the ratio of the activity
coefficients yc,s/Ycao is about one. The fugacity ratio is then given
by:

.)62 ‘kCaS
log=—==2|log K, — log—=42>_ Eq. 5
ng g2 K4 gX ( )

2 CaO

where the equilibrium constant K, was calculated from JANAF data
and X represents the mole fractions of CaS in the sulfide and CaO in
the silicate. Absolute calculations of the O fugacities would be pos-
sible if the S fugacity could be determined independently. How-
ever, unlike the Fe-S system discussed earlier, where the S fugacity
over 'FeS' melts can be obtained from literature investigations,
nothing is known about the S fugacities above CaS (bearing) sul-
fide. Therefore, only the ratio fO,/fS, is listed in Table 5.

COMPARISON OF REE SULFIDE/SILICATE PARTITION
COEFFICIENTS WITH LITERATURE DATA

An overview of other experimental determinations of 'FeS'/
silicate and CaS/silicate partition coefficients is given in Table 6.
Jones and Boynton (1983) report partitioning experiments for La,
Gd, and Lu between 'FeS', (Ca,Mg)S, and basaltic melt. The overall
trend that REE 'FeS'/silicate partition coefficients decrease from La
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TABLE 6. Rare-earth-element sulfide/silicate partition coefficients:
Comparison with other experimental data.

'FeS'/Silicate
T (°C) 1200 1200 1200 1250 1250
Ref. [1] [2*¥] [3] [2] (1]
La 1.8 - 0.39 - 0.76
Nd - - 0.32 - -
Sm - - 0.19 - -
Eu - 0.9/2.4* 0.97 1 -
Gd 1.3 0.3/0.6 0.11 0.3 0.22
Yb - - 0.033 - -
Lu 02 - 0.013 - 0.004
CaS/Silicate
T (°C) 1200 1200 1250 1250 1300 1270-1310
Ref. [1] [2%] [1] [2*] [2] [3]
La 0.4 0.5 0.34 - 0.3 047
Ce - 1 - — 0.6 -
Nd - 1.8/2* - 2.5/4.5 1.2 -
Sm - 3/3.5 - 3.5/3 1.8 0.34
Eu - 0.8/2.2/1.8 - 1.8 12 1.13
Gd 12 4/2/3.5 2.5 8 2 0.34
Yb - 6/4 - 9 3 1.5
Lu 24 - 1.7 - - 1.1

[1] Jones and Boynton, 1983; J. Jones, pers. comm.

[2] Dickinson et al., 1990a,b; 1991 (data were taken from figures).

[3] This work.

*Values separated by "/" indicate results obtained under different conditions.

to Lu and that REE CaS/silicate partition coefficients increase from
La to Lu is similar to the results here. However, their absolute D
values are ~10 times higher for 'FeS'/silicate and up to 20 times
higher for the CaS/silicate data. These differences may be due to
different fO, and fS, conditions. Jones and Boynton added Al
metal into their charges, and they report a log fO, ~—17. Their log
fO, value was ~2.5 log units more reducing than the most reducing
experiments reported here, which should lead to higher partition
coefficients (see the next section). Unfortunately, the partitioning
behavior of Eu was not studied by Jones and Boynton (1983).
Dickinson et al. (1990a,b, 1991) reported partitioning of Nd,
Sm, Eu, Gd, and Yb between (Ca,Mg)S melt and silicate melt.
Their partition coefficierits are ~2—3 times higher than the present
values. The exception is Eu, which was less concentrated in the
(Ca,Mg)S than neighboring Sm and Gd. This behavior of Eu is
opposite to that found in the experiments here, where Eu always
preferentially enters the sulfide phase in comparison to Sm and Gd.
These differences may be due to the different composition of the
sulfide and silicate phases. The silicate used here was chosen to
have enstatite chondritic silicate composition and thus contained
less Al than the basaltic melt, which was used by Jones and Boynton
(1983) and Dickinson et al. (1990a,b). In addition, Jones and
Boynton (1983) and Dickinson et al. (1990a) added Al powder to
the basalt to obtain a reduced melt. Dickinson et al. (1990a,b) spec-
ulate that plagioclase crystallization may have shifted the partition-
ing of Eu, because Eu is very compatible in plagioclase. However,
if equilibrium was reached during the experiments by Dickinson et
al. (1990a,b), crystallization of plagioclase should not have had any
influence on the sulfide/silicate partition coefficients. If plagioclase
formed during cooling of the charges, some Eu would be removed
into the crystallizing plagioclase and Eu concentrations in the matrix
would be lower, depending on the amount of plagioclase formed. In
that case, CaS/matrix partition coefficients would appear to be higher

than actual partition coefficients at silicate melt temperature.
Experiments conducted by Dickinson et al. (1990b) without directly
adding Al powder to the basalt yielded similar results, showing that
Eu partitions less into (Ca,Mg)S than Sm and Gd. However, the
melt compositions are not given in their abstract so a meaningful
comparison of the data is difficult. Another system investigated by
Dickinson et al. (1991) utilized a reduced aubritic silicate composi-
tion, which was produced from Mg and Al metal, together with
SiO, and CaO. Sulfur was supplied by introduction of FeS, to the
charge. The results of these experiments yielded partition coeffi-
cients similar to those reported earlier by Dickinson et al. (1990a,b).

A more likely explanation for the different trends in Eu parti-
tioning is that the sulfide composition influences the REE partition-
ing (Lodders, 1995, 1996). The chemical behavior of Eu?* is very
similar to that of Ca2*, and therefore Eu is expected to be preferen-
tially incorporated into Ca-rich, Mg-poor sulfides relative to Mg-
rich, Ca-poor sulfides. Stoichiometric CaS contains 55.55 wt% Ca,
while the CaS in the reacted charges in this work contains ~48-50
wt% Ca and up to 5 wt% Mg. In contrast, the CaS in experiments
by Dickinson et al. (1990a) contains ~30 wt% Ca and is thus more
Mg-rich. Very recently, Dickinson and McCoy (1996) performed
experiments similar to those by Dickinson et al. (1991) using an
aubritic silicate composition and confirmed our explanation that the
composition of the oldhamite indeed influences the partition coeffi-
cients (see also section on thermodynamic predictions of REE
partition coefficients).

The differences between the sulfide composition in this study
and in studies by others resulted from the different experimental
approaches. The experimental design used here for CaS/silicate par-
titioning is similar to the experimental design of metal/silicate
partition experiments. Generally metal and silicate are mixed and
solid metal is equilibrated with a silicate melt at temperatures below
the melting point of the metal (e.g., Newson and Drake, 1983;
Schmitt et al. 1989). The same approach was used here because the
precursor material of the aubrite parent body already contains CaS
(see also discussion section).

In contrast, in the experiments by Jones and Boynton (1983)
and Dickinson and coworkers, CaS formed in situ by the sulfur-
ization of CaO. The S was supplied by FeS,, and the reduction of
CaO was achieved by adding metallic Al or Mg to the charges.
Thus reactions exemplified by:

Ca0 + 1/2 FeS, +2/3 Al=CaS + 1/2 Fe + 1/3 AL,O; Egq. (62)

or

CaO + 1/2 FeS, + Mg = CaS + 1/2 Fe + MgO Eq. (6b)

took place. In addition, MgS formation via reactions such as:

CaO + Mg + FeS, = CaS + MgS + MgO + Fe Eq. (72)

or

CaO + Mg + FeS, + Al=CaS + MgS + Fe + A,O;  Eq. (7b)

must have occurred, because Mg-rich (Ca,Mg)S is also observed in
their experiments. Thermodynamically, the sulfurization of Mg to
MgS is less favorable than the formation of CaS and requires more
reducing conditions. Equations (6) and (7) also explain why CaS is
often associated with FeS or metal in the experiments by Jones and
Boynton (1983), Dickinson (1990a), and Dickinson and McCoy
(1996). Their experiments may be irrelevant to the differentiation
process on the aubrite parent body since there probably was no
metallic Mg or Al present on it.
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Dickinson and McCoy (1996) also report that the (Ca,Mg)S
produced in their experiments shows textures that indicate that
(Ca,Mg)S liquids were present. However, these textures just as well
may be replacement textures. At the experimental temperatures of
1200-1300 °C, pyrite decomposes and forms an FeS liquid, which
supplies the S for the formation of (Ca,Mg)S (Egs. 6a—7b). Nothing
is known about the CaS-MgS phase relations at high temperatures,
but the CaS-MnS phase diagram can provide a guide for the CaS-
MgS system because both systems show similarities at temperatures
up to 1100 °C (Skinner and Luce, 1971). In the CaS-MnS system,
complete solid solubility exists from 1150 °C up to 1500 °C, where
the minimum in the liquidus occurs at ~77 wt% MnS (Leung and
van Vlack, 1979). Assuming that the CaS-MgS system is not that
different at high temperatures, liquid (Ca,Mg)S is not expected at
1200-1300 °C. Because MgS (melting point >2000 °C) melts much
higher than MnS (1610 °C), the stability field for CaS-MgS solid
solutions may even extend to higher temperatures. Experimental in-
vestigation of the CaS-MgS and CaS-MgS-FeS systems at high
temperatures are needed to resolve this issue.

If it could be established that liquid (Ca,Mg)S was present in the
other studies, then this may be an explanation for the different Eu
partitioning results found by Dickinson and co-workers (1990a,b,
1991, 1996) and in this study, where solid CaS is always present.
One could speculate that solid CaS and silicate liquid approach
equilibrium more slowly than liquid (Ca,Mg)S and silicate liquid.
However, the 'reversal' experiments reported here give upper limits
to the partition coefficients, and the trend of DEu > DSm = DGd is
the same in 'normal’ experiments. Thus, a closer approach to equi-
librium is probably not the explanation for the different partitioning
trend observed. No reversal experiments were reported by Dick-
inson et al. (1990a,b, 1991) or Jones and Boynton (1983) so that it
is not clear whether their (Ca,Mg)S/silicate partition coefficients
represent equilibrium values.

Another factor that may influence’ the partitioning is the O
fugacity. Dickinson et al. (1990b) derive the fO, from the observed
phase assemblages in a similar manner as done here. In their work,
they qualitatively list the fO, in the experiments as either equal to,
smaller than, or higher than the fO, for aubrites. However, they do
not indicate which fO, and temperature they assume for aubrite
formation. Dickinson et al. (1990b) found that DEu increases and
DGd decreases with increasing O fugacity. These findings are
somewhat surprising because more reducing conditions should
stabilize the REE sulfides and thus lead to higher sulfide/silicate
partition coefficients, as is seen from LeChatelier's principle and
Eqgs. 8a—8c discussed in the next section. Therefore, an increase of
DEu with increasing fO, seems confusing. Dickinson ez al. (1990b)
report a similar confusing situation for the dependence of REE
partition coefficients between 'FeS' and silicate: absolute values of
DEu and DGd increase with increasing O fugacity, while in this
study, decreasing DEu and DGd are observed with increasing fO,
(Fig. 1). The next section describes thermodynamic calculations to
predict the trends of REE partition coefficients between sulfides and
silicates as a function of fO, and shows that partition coefficients
are expected to decrease with increasing fO,.

THERMODYNAMIC PREDICTIONS OF THE REE
SULFIDE/SILICATE PARTITION COEFFICIENTS
AND PHASE DIAGRAM STUDIES OF REE
SULFIDES WITH CaS, MgS, AND FeS

Thermodynamic calculations are useful for predicting trends in
REE partitioning between sulfides and silicates. The general ex-

change reaction of a lanthanide (M) between sulfide and silicate can
be written as:

MO s (silicate) + 0.5 S, = MS (sulfide) + 0.75 O,  Eq. (82)

or

MO; s (silicate) + 0.75 S, = MS; 5 (sulfide) + 0.75 O, Eg. (8b)
We also need to consider the reaction:

EuO (silicate) + 0.5 S, = EuS (sulfide) + 0.5 O, Eq. (8¢c)

The analogous reaction may also become important for Yb under
very reducing conditions.

The REE are probably dissolved in the silicate in their trivalent
state (M3¥) and are assumed to be present as sesquioxides (M,03)
for modeling purposes, although the actual dissolved species are
unknown. For Eu, the divalent state (as EuO) was also considered
because Eu is likely to be dissolved as Eu?* under the reducing con-
ditions of interest. Two possible types of REE sulfides, the mono-
sulfides (MS) and the sesquisulfides (M,S; or MS;s) were
considered as stable sulfides, depending on the fS;. In the 'FeS'
experiments, the fS, is either above or close to the fS, above Fe-
bearing 'FeS' liquids, and this fS, was also assumed for the CaS
experiments. (Note that the fS, during differentiation in enstatite
meteorites is determined by vapor pressure of S, above metal satu-
rated FeS liquid.) To investigate whether the REE monosulfides or
the REE sesquisulfides are relevant during partitioning, the fS,
necessary to stabilize the sesquisulfide is calculated from the
reaction:

MS +0.75 S, = MS; 5 Eq. (9)

and compared with the fS, above Fe-metal saturated sulfide melts.
For all REE except Eu, it is found that the sesquisulfides are stable
under this S fugacity at temperatures ~1200-1300 °C. Thus, par-
titioning of the REE sesquisulfides into CaS according to Eq. (8b)
must be considered. In contrast, the sesquisulfides are unimportant
during condensation of the REE-sulfides into CaS because the S, in
a highly reduced solar nebula (C/O ~ 1.2, P = 103 bars) is ~13 log-
units below the fS, prevailing above Fe-saturated sulfide melts. The
sesquisulfides are unstable at these low S fugacities (Lodders and
Fegley, 1993). Europium sesquisulfide is unimportant because
Eu,Ss is apparently nonexistent (Gmelin et al., 1983). Only EuS is
relevant for Eu extraction from silicate into sulfides.

Phase diagrams of REE-sulfides and CaS also indicate that the
REE sesquisulfides are more important than the monosulfides, ex-
cept for Eu, where the monosulfide is relevant. The data for the
REE sulfide-CaS systems show that the REE and Y are dissolved in
their trivalent state (i.e., as sesquisulfides), forming solid solutions
with CaS (for summaries, see Flahaut, 1979; Eliseev and Kuzmich-
yeva, 1990). In particular, the heavy REE and Y form solid solu-
tions with CaS over a wide homogeneity range, but light REE solid
solution with CaS is very limited. For example, Flahaut et al
(1961) found that Y,S; shows a significant range of solid solubility
in CaS. At higher Y concentrations of ~10-20 mol%, a distinct
phase CaY,S, containing Y3* coexisted with CaS. Similar phase
relations were found for the heavy REE-sulfides and Ca$ in other
studies by Flahaut et al. (1963). Tsai and Meschter (1981) studied
the solubility behavior of Y;S;, Dy,Ss, Er,S; and Yb,S3 in CaS at
800-1200 °C for REE sulfide concentrations up to 40 mol% at
constant S fugacities of log fS, = —5.5. They found that the
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sesquisulfides dissolved in CaS with relatively high solubilities up
to 15-30 mol%. In general, the phase diagram studies were con-
ducted under very reducing conditions, and the S fugacities used by
Tsai and Meschter (1981) are comparable to the S fugacity above
Fe-saturated sulfide liquids at 1200 °C.

In contrast EuS, and not Eu,Ss, is dissolved in CaS (e.g,
Eliseev and Kuzmichyeva, 1990), as was also found by Mdossbauer
studies (e.g., Wickman et al., 1970). EuS and CaS form a continuous
series of NaCl-type solid solutions (e.g., Van Tien and Khodadad,
1970; Eliseev and Kuzmichyeva, 1990). However, Van Tien and
Khodadad (1970) find that the difference in the metallic radii is too
large to allow solid solution for the system MgS-EusS.

Studies of the REE-Mg-S system showed that the REE
sesquisulfides are present in solid solution in MgS. As is the case
for the REE-Ca-S system, the heavy REE have an extensive range
of solid solubility in MgS, and at higher REE concentrations,
MgREE,S, compounds form. These compounds also show more
structural types than analogous compounds in the Ca-REE-S
system. Another difference from the REE-Ca-S system is that com-
pounds like MgREE,S; form, which indicates that the activities of
the REE-sulfides in the two systems are somewhat different.

Solid solutions are absent in systems containing REE-sulfides
and FeS (Flahaut, 1979). This is different than in the REE-(Ca or
Mg)-S systems, where the heavy REE in particular show a wide
range of solid solutions with CaS or MgS. However, some REE
may dissolve in liquid 'FeS'. It is not clear if very low concen-
trations of REE sulfides remain in solid solution with 'FeS' when
'FeS' solidifies or if REE sulfides exsolve at low temperatures. The
inhomogeneous distribution of Eu in 'FeS' from experiments spiked
with Eu at the percent level (see above) and the phase diagram (Fig.
3) indicate that EuS is soluble in liquid FeS but not in solid FeS.
This is similar to the apparent insolubility of CaS in solid FeS.

The phase equilibrium studies and the thermodynamic stability
of the sequisulfides indicate that the assumptions of REE sesqui-
sulfide and EuS formation during the experiments are reasonable.
The partition coefficient of a lanthanide between sulfide and silicate
according to Eq. (8b) is calculated from:

sulf. sulf. _ sulf. 075
Docf = aMS'-5 = WAE XMS'S =(—fSZ} K

sil. sil. sil. o)
MO, 5 1

Eq. (10)

MO, s *MO, 5

In Eq. (10), g; stands for the activity of species i and X; for the mole
fraction of MS; 5 or MO 5 dissolved in sulfide or silicate, respec-
tively. If we assume ideal solution behavior, Eq. (10) becomes:

sulf . 075
XMSI 5 _ [fSZ ] K

Eq. (11)

The assumption of ideality or the assumption that the ratio of activ-
ity coefficients yMO; s/yMS; 5 is about one was made because no
data on REE sulfide activities in CaS are available. The phase
diagram studies indicate that ideal solid solution may only apply to
the EuS-CaS system. Effects due to deviations from ideality are dis-
cussed below. The equilibrium constant (K) in Eqs. (10) and (11) is
calculated for each REE from the equilibrium constants for the
formation of the sulfides (K(M,S3) and oxides (K(M,03) from the
constituent elements in their reference states as:

.- (K(M2S3)) "

Eq. (12
K(M,05 q. (12)
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FIG. 5. Calculated sesquisulfide/sesquioxide activity ratios for the REE at
1200 °C (1473 K) for log fO, =-15 and log fS, =—-5.8. For Eu, the respec-
tive monosulfide/sesquioxide and monosulfide/ monoxide activity ratios are
shown. Open symbols indicate ratios calculated from estimated thermo-
dynamic data, while closed symbols are for ratios where experimentally
determined thermodynamic data for the sulfides are available. The error
bars result from uncertainties in the heat of formation of the REE sulfides.
Assuming ideal solution of the REE in sulfides and oxides, the activity
ratios equal mole fraction ratios, which in turn are proportional to sulfide/
silicate partition coefficients. See text for data sources and details.

Similar expressions for the partition coefficient can be written for
Eq. (8a) and equilibria involving EuO and EuS. The sources of the
thermodynamic data for the REE-oxides and monosulfides are listed
in Lodders and Fegley (1993), and data for the sesquisulfides were
taken from Mills (1974) and Gmelin (1983) and references therein.

As shown in Egs. (10) and (11), the mole fraction ratio
X(MS; 5)/X(MO; 5) equals the partition coefficient D times a con-
version factor (cj) from weight fractions to mole fractions. We are
interested in the distribution of the REE at constant fO, and fS,
conditions applicable to aubrites. Casanova (1990) estimated the
fO, in aubrites as a function of temperature and Si content in the
metal. At 1200 °C, mole fractions of Si in aubritic metals range
from <5107 to 102 indicating log fO, from >~15 to —17.5. There-
fore, log fO, = —15 and —17.5 are chosen in the following calcu-
lations. The equilibrium value of log fS, = —5.8 above metal
saturated FeS liquids at 1200 °C (Schiirmann and Henke, 1972) is
used for the S fugacity.

The sulfide/silicate activity ratios (a(MS; 5)/a(MO; s5)) for log
fO, =-15 and log S, =-5.8 at 1200 °C (1473 K) are shown in Fig.
5. The respective activity ratios for EuS/EuO and EuS/EuO; 5 are
plotted for Eu. In the case of ideal solution, these activity ratios
should equal the mole fraction ratio in Eq. (11). The error bars result
from the errors in the thermodynamic data for the heat of formation
(AHg98) of the REE sulfides. The open symbols are ratios calcu-
lated with estimated AHg 595 values for the sulfides, and the filled
symbols are for ratios calculated with experimentally measured
AHgjg data. The estimated AHgjog values are from Mills (1974)
who lists uncertainties of +130 kJ/mol for these enthalpy of forma-
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tion values. In cases where AHg,9g data were subsequently meas-
ured experimentally, Mills' estimated enthalpy values agreed within
+5 kJ/mol, and the error bars in Fig. 5 could be significantly
smaller than shown.

The predicted REE activity ratios in Fig. S are of the same order
of magnitude (ranging from ~0.01 to ~1) as the experimentally
determined partition coefficients. For the light REE, where the
thermodynamic data are from experimental measurements, decreas-
ing partition coefficients from La to Nd are predicted. This parti-
tioning behavior is found for REE FeSy;¢/silicatey;q (Fig. 1). For the
case of CaSg/silicatejjq partition coefficients (Fig. 4), no data for
Ce, Nd, or Pr were measured, and the trend from La to Sm is not
indicative of whether the light REE follow the predicted trend.
However, the opposite trend of D increasing, instead of D decreas-
ing as predicted, is observed for (Ca,Mg)Sjy/silicate;;, partition
coefficients measured by Dickinson et al. (1991). This may indicate
that activity coefficients of the REE in (Ca,Mg)S melts are not ideal.
For the heavy REE, the predicted partitioning trend is less well
determined due to the large uncertainties in the thermodynamic data.
Therefore, we refrain from predicting any trend in heavy REE
partitioning until better thermodynamic data for the heavy REE
sulfides become available.

It is expected that Eu partitions more strongly into the sulfide
than the neighboring Sm or Gd, or even La, Ce, Pr, or Nd, for which
experimentally determined thermodynamic data exist. The pre-
dicted partition coefficient EuS/EuQ; 5 for trivalent Eu in the sili-
cate is ~5.5 (assuming ideal solution and that the activity ratio
equals the partition coefficient). A partition coefficient EuS/EuO of
~110 is calculated for divalent Eu in the silicate. Sulfides coexist-
ing with silicates containing either Eu?* or Eu3* are expected to take
up more Eu than Sm or Gd. In this respect, it is interesting to note
that the fO, defined by the EuO/EuQj 5 equilibrium is ~4 log units
below the Fe-wiistite buffer. This is very close to the fO, of 3—6 log
units below IW which is appropriate for aubrite formation. The
EuS/EuO equilibrium is probably more important than the EuS/
EuOj 5 equilibrium, and larger partition coefficients are expected for
Eu than for Sm and Gd. An overall decrease of the O fugacity from
log fO, = —15 to —17.5 increases all partition coefficients because
sulfides become more stable. For most REE equilibria (MS; s/
MOy 5) and the EuS/EuO equilibrium, the activity ratios shown in
Fig. 5 increase by about a factor of 75 when the fO, is lowered by
2.5 log units while the EuS/EuQy 5 activity ratio only increases by a
factor of ~20.

These predictions for REE partition coefficients assume ideal
solid solution of the REE sulfides in CaS or FeS and REE oxides in
silicate. It seems that the REE 'FeS'/silicate partition coefficients
most closely resemble the trend of predicted partition coefficients
for the light REE and Eu, where the most certain predictions can be
made. Small concentrations of REE sesquisulfides and EuS could
dissolve in liquid FeS relatively ideally, but it may take in situ
methods actually to determine the phase relations and activity data
for the REE sulfides in liquid FeS because the liquid phase may not
be quenchable at all.

Rare-earth-elements partition coefficients between solid CaS
and liquid silicate increase from LREE to HREE, which is opposite
to the predicted partition coefficients assuming ideal solid solution.
This indicates a systematic decrease of the activity coefficients (y)
from LREE to HREE, so that in Eq. (10) the (predicted) activity
equals the product of mole fraction (measured) and activity coeffi-
cient (a=X - y). This would be consistent with the observation that

the range of solid solubility increases from light to heavy REE in
the REE-Ca-S system. The same solution behavior for the REE
(except Eu) is found for the REE-Mg-S system. Thus REE
(Ca,Mg)S/silicate partition coefficients should show a similar trend
as CaS/silicate partition coefficients. The well-established solid
solubility of EuS in CaS indicates that ideal solid solution is proba-
bly a good assumption in this system. However, EuS and MgS are
apparently insoluble (Van Tien and Khodadad 1970), and EuS
solubility in (Ca,Mg)S is probably nonideal and limited. The activ-
ity coefficient of EuS in (Ca,Mg)S is expected to be much bigger
than that in 'pure' CaS, meaning that partition coefficients for
(Ca,Mg)S/silicate are smaller than those for CaS/silicate. Thus, the
difference in Eu partitioning between CaS/silicate in this study and
(Ca,Mg)S/silicate in the studies by Dickinson et al. (1990a,b, 1991)
is most likely due to the differences in sulfide composition.

APPLICATION TO ENSTATITE ACHONDRITES

As mentioned in the introduction, it is necessary to know the
REE distribution in the constituent minerals of aubrites and the REE
partitioning data for the minerals of interest before any modeling of
the origin of the phase assemblages in aubrites can be done. The
REE in aubrites are mainly concentrated in CaS, with diopside and
plagioclase being less important host phases. Olivine, enstatite, and
troilite generally show very low abundances of the REE (for indi-
vidual REE patterns in aubritic minerals, see Graham and Hender-
son, 1985; Floss and Crozaz, 1993; Lodders et al., 1993; Wheelock
et al., 1994). It is important to note that 10 different types of REE
patterns have been reported for oldhamite in the Bishopville,
Bustee, Khor Temiki and Mayo Belwa aubrites, and at least three
different patterns have been reported for diopside (Floss and
Crozaz, 1993). The small number of available oldhamite analyses
from the Norton County and Pena Blanca Spring aubrites are of one
type, displaying negative Eu-anomalies (Lodders et al, 1993;
Wheelock et al., 1994).

In the next sections, observations and possible aubrite formation
scenarios that may or may not explain the REE distributions for
aubrites are discussed. These are co-crystallization, fractional crys-
tallization, and non-equilibrium melting. The discussion of co-crys-
tallization leads to the long-standing question of whether oldhamite
is formed by magmatic crystallization processes or if oldhamite in
aubrites is a more or less altered refractory relict from an enstatite-
chondrite-like precursor.

Wheelock (1990) and Wheelock et al. (1994) proposed that
oldhamite in an oldhamite-dominated clast in the Norton County au-
brite was formed by igneous processes from immiscible sulfide melts.
Since most of the arguments for an igneous origin of oldhamite in
aubrites come from their study, this is discussed in the section
"Fractional crystallization?". In the section "Non-equilibrium melt-
ing", the observations by Wheelock et al. are integrated into the
model of Lodders and Palme (1990). This model proposes that
oldhamites in aubrites are refractory relicts from the enstatite-
chondrite-like precursor and underwent different degrees of altera-
tion, of which formation of an apparent 'igneous' clast is an extreme
case.

Co-crystallization?

The first step to test if the mineral phases are in equilibrium and
thus formed by crystallization from a single parental melt is to com-
pare the REE concentration ratios in the aubritic mineral phases
with the respective ratios of partition coefficients obtained at tem-
peratures between 1200-1450 °C. These temperatures are typical of

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996M%26PS...31..749L&db_key=AST

VL AE S Iy 23] B

&

!

Rare-earth-element partitioning

La Ce Pr NdPmSm Eu Gd Tb DyHo Er TmYb Lu

La Ce Pr NdPmSm Eu GdTb DyHo Er TmYb Lu

between sulfides and silicate 761

extremely low in enstatite, the higher observed values
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indicate that diopside must have gained REE while not
equilibrating with enstatite. Likewise, the predicted and
10 observed values for the plagioclase/diopside pair also dis-
agree by up to about a factor of 10, except for Eu, where
predicted values are 2—4 times higher than observed ones.
Although diopside often displays a REE pattern with nega-
tive Eu anomalies, relatively flat REE patterns are also ob-
0.1 served (Floss and Crozaz, 1993) and are inconsistent with
either enstatite/diopside or plagioclase/diopside equilibra-
tion. Observed CaS/plagioclase concentration ratios are
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up to ~1000 times higher than expected for La to Sm and
indicate no equilibration. For Eu, the observed values are
~10 times larger than the predicted partitioning values.
However, the overall partitioning trend of increasing CaS/
plagioclase concentration ratios from LREE to HREE and
Eu depletion suggests that some REE exchange took place.
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FIG. 6. Observed (closed symbols) and calculated (open symbols) concentration ratios
for aubritic mineral pairs. Although the patterns qualitatively follow the trends expect-

ed from igneous partitioning, good matches are not obtained. In particular, the

CaS/mineral ratios are 10—1000 times larger than predicted by igneous partitioning. See

text for data sources.

magmatic differentiation processes. The comparison is shown in
Fig. 6 for the pairs: diopside/enstatite, plagioclase/diopside, oldha-
mite/plagioclase, oldhamite/diopside, and oldhamite/enstatite. The
REE mineral/melt partition coefficients used for plotting the cal-
culated ratios in Fig. 6 are from Grutzeck et al. (1974; diopside),
Drake and Weill (1975; plagioclase), Kennedy et al. (1993;
pyroxene, olivine), and from Table 5 for oldhamite. Data for REE
concentrations in individual aubritic minerals are from Graham and
Henderson (1985), Floss et al. (1990), Floss and Crozaz (1993), and
Wheelock et al. (1994). If possible, data to calculate ratios for
mineral pairs were taken from analyses of minerals within an
individual aubrite. Unfortunately, the light REE abundances in
enstatite are below detection limits so that a comparison is possible
only for the HREE. Likewise, the HREE in plagioclase are below
detection limits, and a comparison is possible only for the LREE.
Despite these limitations, the disparity of observed and predicted
ratios indicates that the REE-bearing minerals are not in equilibrium
and co-crystallization from a parent melt is very unlikely. This con-
clusion was also reached by Graham and Henderson (1985), who
studied the REE distribution among the silicates in the Mayo Belwa
aubrite by INAA.

Predicted and observed REE concentration ratios for diopside/
opx differ by up to a factor of 10. Because REE abundances are

La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu

Before other crystallization processes are discussed, it is
necessary to address the question of where oldhamite in
-aubrites comes from. The similar oxidation states of au-
brites and enstatite chondrites suggests that the aubrite
parent body was assembled from material compositionally
similar to enstatite chondrites. Watters and Prinz (1979)
suggested that the precursor was similar to EL chondrites
because addition of ~10% EL-chondritic plagioclase to
aubrites yields good agreement with the composition of
the bulk EL-chondrite silicates. Here we assume that EH-
chondrites were similar to the precursor of aubrites be-
cause of the similar albite compositions in the two groups
(Fogel et al., 1988). Abundances of siderophile and chal-
cophile elements in aubrites also indicate that metal and
sulfide abundances in the precursor were closer to those in
EH-chondrites than in those EL chondrites (see Lodders et
al., 1993).

Most of the Ca in EH chondrites is present as CaS, and the
amount of diopside and the amount of anorthite in plagioclase are
small. In EH chondrites, the REE are mainly located in oldhamite
(Lundberg and Crozaz, 1995). Condensation of REE into oldhamite
in a reduced solar nebula gas can account for both the high REE
abundances and for the diversity of REE patterns (Lodders and
Fegley, 1993). Thus, the precursor supplies oldhamite which has
high REE abundances and displays a variety of REE patterns.

Another potential source of oldhamite in aubrites is that Ca-
bearing silicates (or melts) in the precursor material react to form
CaS during heating of the aubrite parent body. The 'magmatic’
origin of oldhamite was put forward by Dickinson and coworkers
(1990a,b, 1991, 1996) because in situ formation of oldhamite was
observed in their experiments and those by Jones and Boynton
(1983). However, this process requires the sulfurization of diop-
side, anorthite or 'CaO' from a melt and probably did not occur on
the APB because it requires the reduction of 'CaQ' and a supply of S
(e.g., Larimer and Ganapathy, 1987, Lodders and Fegley, 1993).
The in situ formation of oldhamite in the experiments by Jones and
Boynton (1983) and Dickinson and coworkers (1990a,b, 1991,
1996) only occurred because the Mg or Al in their charges forced
CaS formation (see Egs. 6a,b). However, there is no reason to

observed
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believe that metallic Mg or Al are present on the aubrite parent
body. Thus in situ formation of oldhamite on the APB is very un-
likely.

Since the EH-chondrite-like precursor material already contains
oldhamite, there is no need to postulate the formation of oldhamite
from a silicate magma. However, very recently Fogel ef al. (1996)
showed that oldhamite may dissolve during melting of EH-
chondritic material. Melting of the Indarch (EH) chondrite led to
apparent CaS solution in the silicate in two out of the four
experiments reported. Fogel ef al. (1996) found that oldhamite was
completely dissolved in silicate melt at 1400 °C. Dissolution of
CaS in this experiment may be an artifact due to the extremely re-
ducing conditions imposed by the Ta-O getter, which also led to the
incorporation of >19 wt% Si in the Fe-metal. More oxidizing condi-
tions, leading to ~0.5 wt% Si in metal, typical for aubrites (Casa-
nova, 1990), will probably lead to less oldhamite solubility in
silicate melts. Nevertheless, if this dissolution of CaS into silicate
melts were important during differentiation of the APB, then there is
the need to recrystallize oldhamite, since it is observed in aubrites.
The petrologic observations in aubrites (see below) also suggest that
oldhamite was present at temperatures even higher than those for
which Fogel et al. found complete dissolution of CaS, which argues
against this process. Clearly more experimental work is needed to
decipher the potential importance of oldhamite dissolution in
silicate melts, especially as a function of O fugacity. For the follow-
ing discussion, it is assumed that oldhamite is always present during
accretion and differentiation of the APB and that solid CaS coexists
with silicate melt.

Fractional Crystallization of Silicates in Presence of Oldhamite?

Fractional crystallization and subsequent removal of crystallized
phases from the melt is another potential crystallization process
which was suggested for aubrites by Watters and Prinz (1979) and
Okada et al. (1988) to explain the observed mineralogy of the Norton
County aubrite. The crystallization sequence in simplified form is
forsterite (first), enstatite, diopside, and plagioclase (last). Invoking
the late crystallization of plagioclase to explain the REE distribu-
tions in Mayo Belwa is also consistent with the conclusions of
Graham and Henderson (1985). If the REE are used for modeling
aubrite petrogenesis, the presence of oldhamite must be considered.
Since the major fraction of aubrites consists of enstatite, fractional
crystallization requires high temperatures to produce an aubritic
melt. The next two sections describe how oldhamite could behave
during high temperature melting and subsequent fractional crystal-
lization.

Petrologic Indicators of Fractional Crystallization—Based on
petrological observations, Wheelock (1990) and Wheelock et al.
(1994) proposed that oldhamite in an oldhamite-dominated clast in
the Norton County aubrite formed by igneous processes from
immiscible sulfide melts and that its REE abundances resulted from
equilibration with the aubritic melt. These authors emphasize that
they limit their discussion and arguments to the particular lithology
in Norton County. This lithology is probably not representative of
most oldhamite in aubrites but is certainly a good example to inves-
tigate the involvement of oldhamite in possible fractional crystal-
lization processes in aubrites.

The major argument in favor of oldhamite crystallization from a
melt is the large (up to 2 cm) crystal size of oldhamite, which cannot
have formed by condensation processes. Two other observations
that led Wheelock et al. (1994) to conclude that liquid oldhamite

was present are: (1) the presence of forsterite grains that are (par-
tially) surrounded by oldhamite, which was apparently molten while
forsterite was already crystallized, and (2) the occurrence of rounded
sulfide blebs in oldhamite, indicating the presence of two immis-
cible sulfide melts.

The question of how to melt aubritic oldhamite is long standing
and controversial. Pure liquid CaS can almost certainly be ruled out
because it is doubtful that temperatures reached the melting point of
pure CaS (2450 °C) on the aubrite parent body. Temperatures as
high as 2450 °C would have led to extensive vaporization of all
rock-forming elements with the possible exceptions of Ca, Al, and
Ti (Fegley and Cameron, 1987). Lodders et al. (1993) considered
the melting point depression of aubritic CaS due to dissolved MnS,
FeS, or MgS and calculated that Pena Blanca Spring oldhamite,
containing up to 2 wt% total of Fe, Mn, and Mg, melts at ~2350 °C.
Higher concentrations of other sulfides are necessary to suppress the
melting point further, as the CaS-FeS phase diagram (Fig. 3) shows.
In this system, an eutectic occurs at 1100 °C for 88 wt% FeS. How-
ever, the phase assemblage described by Wheelock et al. (1994) only
contains ~4 wt% FeS and does not have the eutectic composition.

In addition to troilite, Wheelock et al. (1994) report ~10 vol%
(~15 wt%) ferroan alabandite inclusions for this oldhamite. The
ferroan alabandite occurs either as small, euhedral exsolution crys-
tals or as rounded blebs in the oldhamite. Wheelock et al. (1994)
proposed that "two mutually immiscible sulfide liquids—a Ca sul-
fide and a Mg-Fe-Mn-Cr-Na sulfide—formed in the silicate magma"
to explain the occurrence of the alabandite blebs. However, another
sulfide such as MnS must be dissolved in oldhamite to give the
necessary melting point depression. The lowest liquidus tempera-
ture in the CaS-MnS system is at 1500 °C for ~77 wt% MnS (Leung
and van Vlack, 1979), but the Norton County oldhamite contains
much less MnS. Assuming that the system Mn(Fe)S-CaS is not too
different from the MnS-CaS binary system, the solidus for the
aubritic oldhamite containing ~19 wt% ferroan alabandite and troil-
ite would be at ~1700 °C. This is below the melting point of for-
sterite and would explain the assemblage of oldhamite surrounding
forsterite. At lower temperatures, CaS and MnS form a continuous
series of solid solutions down to 1150 °C, where exsolution occurs
(Skinner and Luce, 1971; Leung and van Vlack, 1979). Wheelock
et al.'s (1994) observations of alabandite blebs in oldhamite plausi-
bly indicate very rapid cooling of oldhamite. As a result, alabandite
'quenched out' as blebs before cooling slowed down to allow addi-
tional exsolution of euhedral crystals. Therefore, the occurrence of
these blebs does not necessarily reflect the presence of two immis-
cible sulfides at high temperatures.

The amount of alabandite present in the particular oldhamite
described by Wheelock et al. (1994) seems to be sufficient to allow
formation of a liquid CaS-bearing melt. Note, however, that in most
aubritic oldhamites smaller amounts of other sulfides are present
leading to smaller melting point depressions. So these oldhamites
were never molten.

If temperatures on the APB indeed reached 1700 °C or higher,
oldhamite coexisted with a silicate melt from which enstatite starts
crystallizing at 1580 °C. In almost all cases, the oldhamite was
solid and not molten. Upon further cooling, diopside is expected to
crystallize next, depending on how much CaO is present in the'melt.
Diopside was not reported for the particular clast studied by Wheelock
et al. (1994), but aubrites typically contain ~ 1-3 vol% diopside
(Watters and Prinz, 1979). Plagioclase crystallizes as a late phase
(e.g., Graham and Henderson, 1985; Okada et al., 1988) as indicated
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by its occurrence as smaller grains between forsterite and enstatite
or as rim around sulfides (Wheelock et al., 1994). If present, silica
behaves like plagioclase. This fractional crystallization sequence
seems to explain most of the textural observations for the particular
clast investigated by Wheelock et al. (1994) and also several other
aubritic lithologies described by Okada et al. (1988).

Rare-earth-elements Distribution during Fractional Crystal-
lization—First we need to address how the REE were originally in-
corporated into the (undifferentiated) aubrite parent body (APB) and
how a silicate melt could gain REE. The second step is to model
how fractional crystallization redistributed the REE into various
minerals and compare this to the observed REE abundance patterns
in aubritic minerals.

The aubrite-EH-chondrite 'connection' described above indicates
that the APB had a chondritic REE inventory and that initially the
REE were concentrated at ~100 times chondritic levels in oldhamite
supplied by the precursor. During fractional crystallization, tem-
peratures above the melting point of enstatite would lead to large
scale melting of the APB. In that case, all oldhamite present
(whether melted because of solid solution formation with other
sulfides or not) would equilibrate with the melt, as shown in all
partitioning experiments. This would homogenize all the different
REE patterns in oldhamite and lead to removal of the REE from the
oldhamite into the melt. Assuming that 80% of the silicates were
molten and that ~1% of oldhamite was present, the low CaS/silicate
partition coefficients of <1 indicate that equilibration would reduce
the REE abundances in oldhamite to ~< 1 times chondritic from
the original ~100 times chondritic abundances. Thus oldhamite in
equilibrium with a melt at high temperatures would be REE poor.
Partition coefficients of about 100-200 are required to account for
the high REE abundances observed in aubritic oldhamite. One
could argue that the experimentally determined partition coefficients
are too small because equilibrium was not reached between the CaS
and silicate melt. However, this argument is contradicted by the
partitioning experiments done with REE-bearing CaS as a reactant.
These experiments gave D values within a factor of 2—4 of the D
values obtained from experiments with REE-doped silicate. Further-
more, the independent work by Jones and Boynton (1983) and Dick-
inson ef al. (1990a,b; 1991) also gave partition coefficients <<100.

A more efficient way to incorporate the REE into oldhamite by
fractional crystallization is equilibration of oldhamite with an REE-
enriched melt. Once enstatite crystallizes, the remaining silicate
melt becomes enriched in REE because enstatite/melt and olivine/
melt partition coefficients are small, and essentially none of the
REE are removed from the melt into enstatite or olivine. The re-
maining REE-enriched melt of albitic-silica composition would then
continue to equilibrate with the oldhamite, and the final REE abun-
dances would be determined by the equilibrium of coexisting old-
hamite and plagioclase. This crystallization sequence predicts only
one type of REE pattern displaying a negative Eu-anomaly in all
aubritic oldhamites. This type of REE pattern was found for old-
hamite in the oldhamite-dominated clast in Norton County (Wheel-
ock et al., 1994) and for an oldhamite grain in igneous contact with
plagioclase from Khor Temiki (Floss and Crozaz, 1993). However,
the observed absolute abundances of REE in these oldhamites are
much higher than expected from this crystallization process. The
predicted CaS/plagioclase concentration ratios are a factor of 10
lower for Eu and about a factor of 1000 lower for the light REE
than those observed (see also Fig. 6).

Problems with Crystallization Scenarios—Although fractional
crystallization appears to be an attractive explanation of the mineral-
ogy and textures in the oldhamite-dominated clast of the Norton
County aubrite, it predicts REE abundances in oldhamite that are far
too low. Furthermore, this clast is not representative of most old-
hamites in aubrites. Fractional crystallization cannot explain the high
REE abundances and different overall patterns observed in most
aubritic oldhamites. There are also other problems with fractional
crystallization.

First, Wheelock et al. (1994) report that in some cases forsterite
contains plagioclase and sulfide inclusions. However, this is incon-
sistent with the above crystallization sequence of forsterite (first),
enstatite, and plagioclase (last). Second, the scenario where oldhamite
gains REE from a REE-rich melt after enstatite has precipitated fails
to explain cases where REE-rich oldhamite enclosed in enstatite or
pyroxenite was observed (Floss et al., 1990; Kurat et al., 1992).
Third, fractional crystallization predicts only one type of REE
pattern in oldhamite and cannot explain the variety of REE patterns
for most of the oldhamite in aubrites. Fourth, fractional crystal-
lization cannot account for the high REE abundances in oldhamite.
Fifth, the high temperatures required for large scale melting of the
APB (1700 °C or higher required to form oldhamite-alabandite
liquids or 1580 °C required for melting of enstatite) would lead to
substantial vaporization of Na, K, Si, and Mg (Fegley and Cameron,
1987). Complete loss of Na and K during heating of enstatite
chondrites was observed at even lower temperatures of 1250-1400
°C (Fogel et al., 1996). However, evaporative losses and, by impli-
cation, such high temperatures are ruled out because aubrites still
contain significant abundances of Na and K and other volatile
elements (e.g., Biswas et al., 1980; Wolf et al., 1983; Lodders et al.,
1993). Last, Thiemens et al. (1994) report S-isotopic anomalies for
oldhamite in the Norton County aubrite. Any large scale melting
and equilibration of oldhamite with silicate melt would homogenize
the S-isotopes and prevent preservation of anomalies. Homogeniza-
tion would be even more pronounced if oldhamite had dissolved in
the silicate.

Non-equilibrium Melting: A Preferred Differentiation Model
of the Aubrite Parent Body

The problems described above for crystallization scenarios in-
volving equilibration of oldhamite indicate that another process may
be responsible for the variety of oldhamite occurrences and the
diversity of REE abundance patterns observed in oldhamite and
other aubritic minerals. As discussed earlier, it is unlikely that
oldhamite formed in situ by sulfurization of the silicate minerals or
melts. The more likely possibility is that oldhamite was inherited
from the enstatite-chondrite-like precursor by the APB. Based on
the results of their initial CaS/silicate partitioning experiments,
Lodders and Palme (1990) originally proposed that oldhamite in
aubrites is a relict condensate from the solar nebula. Later, the
diversity of REE patterns in aubritic oldhamite was also used to
suggest a relict origin for aubritic oldhamite (Floss et al., 1990;
Floss and Crozaz, 1993). The mass independent S isotopic anoma-
lies observed by Thiemens et al. (1994) in Norton County oldhamite
also indicate it is a relict nebula condensate.

The following scenario which involves non-equilibrium melting
and subsolidus exchange reactions plausibly explains the observed
phase assemblages and REE distribution in oldhamite and silicates
in aubrites (Lodders et al., 1993).

The aubrite parent body assembles from material composi-
tionally similar to EH-chondrites, and heating and differentiation of

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996M%26PS...31..749L&db_key=AST

VEPS. - "3 C749L

&

!

764 K. Lodders

the APB occurs. The depletion of siderophile and chalcophile
elements suggests that ~6 wt% FeS and 25 wt% metal segregate and
form a core (Casanova et al., 1993; Lodders et al., 1993). However,
aubrites still contain some minor metal and troilite, and segregation
of metal and sulfide into the core was not complete. This indicates
that melting at high temperatures, which would allow efficient metal
and sulfide segregation from a silicate melt, was not a large scale
event. While the minimum temperatures required for eutectic Fe-
FeS segregation are ~1000 °C, temperatures must increase to the
melting point of enstatite (1580 °C) to allow most of the silicate to
become liquid. A mechanism that would heat almost the entire APB
is difficult to envision. The other points described at the end of the
last section also argue against large scale melting.

Segregation of troilite and metal during core formation could
cause oldhamite removal into the core. The FeS-CaS phase diagram
(Fig. 3) shows that an FeS-CaS eutectic melt can form at 1100 °C,
and Vogel and Heumann (1941) state that the ternary Fe-FeS-CaS
eutectic seems to fall at the same temperature. However, significant
removal of oldhamite can be excluded because it is still present in
aubrites. A more quantitative indicator of possible oldhamite loss is
the oldhamite/silicate ratio in enstatite chondrites and aubrites (a
normalization of the modal content of oldhamite to silicate is used
to take the presence of larger amounts of sulfide and metal in E-
chondrites into account). The oldhamite/silicate ratios in enstatite
chondrites range ~0.003-0.015 by weight (Keil, 1968). Similar
ratios of ~0.003 are found in aubrites (Khor Temiki, Pena Blanca
Spring) where oldhamite abundances have been determined (Hey
and Easton, 1967; Lodders et al., 1993). Thus, CaS removal into
the APB core was apparently not an efficient process. Iron sulfide
and CaS must be intimately mixed to produce the eutectic, but most
oldhamite occurs as isolated grains in silicates. The Fe-FeS melt
has a higher density (~4.6 g/cm3) than CaS (2.5 g/cm3), and
gravitational forces can remove the Fe-FeS melt before any mixing
with CaS occurs. Furthermore, associations of oldhamite and troil-
ite showing eutectic textures, as described by Vogel and Heumann
(1941), have not been reported in aubrites.

Another indicator that significant amounts of troilite were not
mixed with oldhamite are the low REE abundances in troilite.
These are near or below detection limits in ion probe measurements
(e.g., Wheelock et al., 1994). Oldhamite contains high abundances
of the REE, and REE partitioning between troilite and oldhamite
would have led to higher REE concentrations in troilite (~1-10
times chondritic), as indicated by the FeS and CaS partition coeffi-
cients. Thus, the segregating FeS cannot take up any significant
amounts of REE, and FeS segregation probably did not influence
the bulk silicate REE pattern in aubrites. The similarity of aubritic
oldhamite REE patterns to those in oldhamites of unequilibrated
enstatite chondrites also shows that most of the aubritic oldhamite
did not equilibrate with other minerals during core formation
event(s).

Melting cannot have been a large scale process but may have
been restricted to local events. Shock melting by impacts on the
APB leading to short non-equilibrium melting episodes seems to be
a plausible heat source. Depending on how efficient shock melting
was, oldhamite and its REE pattern will be more or less altered.
Most oldhamite in aubrites is small and comparable in grain size to
that observed in enstatite chondrites (30200 xm; Larimer and
Ganapathy, 1987), but larger grains of millimeter size up to extreme
cases of 2 cm (Wheelock et al., 1994) are also occasionally ob-
served. The larger oldhamite grains could be produced by sintering. -

Once silicates start melting, small CaS grains can float and
accumulate because of the lower density of CaS (2.5 g/cm3)
compared to that of silicates (~3—3.3 g/cm?). The collection of CaS
by a silicate melt may be the reason for the CaS-rich, 1.6 cm long
impact-produced melt vein in the Jajh deh Kot Lalu (EL6)-enstatite
chondrite (Rubin et al., 1995). Sintering of larger accumulations of
CaS can lead to larger CaS aggregates. Sintering in presence of a
melt is a very fast process (of a few hours) and can easily lead to
larger grains (Kingery et al., 1976). Sintering of CaS grains was
also observed in the partitioning experiments where rounded CaS
grains or grain surfaces connected to other grains were present.
During sintering, the REE can move from the oldhamite into the
surrounding melt, but sintering timescales may be shorter than the
time needed for REE equilibration. Further experiments are needed
to investigate this.

The first melt generated in aubrites is of albitic-silica-rich com-
position (Fogel, 1994). It is questionable if an albitic melt prefer-
entially incorporates Eu, as solid plagioclase does. However, fast
melting and cooling could lead to oldhamite sintering in such a
melt. If plagioclase forms upon cooling, the REE, and in particular
Eu, may move from oldhamite into plagioclase until exchange
becomes frozen. This would explain why larger oldhamites, which
are associated with plagioclase, have high REE abundances and a
REE pattern with a negative Eu-anomaly. Generally, solid-liquid
exchange or solid-solid exchange, as may also occur during thermal
metamorphism, are most effective on small grains. Still, the ob-
served oldhamite/plagioclase REE ratios are generally far from
equilibrium (Fig. 6), and the Sm/Eu ratio in plagioclase is also about
a factor of 10-100 away from that expected from plagioclase/melt
partition coefficients of Sm and Eu.

An extreme case is shock melting and the production of large
amounts of silicate liquid at high temperatures. This can make the
collection process of oldhamite grains more efficient and also bring
oldhamite into contact with other sulfides, which were not extracted
into the core. Depending on the peak temperatures reached and on
the absolute amounts of oldhamite and other sulfides present,
melting of oldhamite may occur to produce oldhamite-forsterite
assemblages as observed by Wheelock et al. (1994). However,
while accumulation, sintering, and subsequent melting of oldhamite
can occur rapidly, the timescales for heating and cooling were
apparently not sufficient for equilibrium REE redistribution from
oldhamite into other phases. Some of the following observations
also show that oldhamite was involved in exchange reactions to
different degrees. In all these cases, REE are distributed from old-
hamite into other phases, which is plausible if we accept that REE-
rich oldhamite was inherited by the APB.

Oldhamite inclusions in enstatite and diopside are reported in
some cases (Floss and Crozaz, 1993). If diopside is formed solely
by crystallization from a melt, only the REE pattern expected from
diopside/melt partitioning should be observed, but different types of
patterns are reported by Floss and Crozaz (1993). Lodders et al.
(1993) proposed that the different REE patterns in diopside can be
understood if diopside was formed from oldhamite. If oldhamite
reacts with enstatite to form diopside and forsterite, as suggested by
Fogel et al. (1988), the diopside would inherit the REE inventory of
the oldhamite.

The observation by Wheelock et al. (1994) of plagioclase with
an anorthite-rich rim and albite-rich interior also indicates that an
oldhamite-plagioclase exchange reaction took place. This reaction
could have occurred at subsolidus temperatures during thermal
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metamorphism.  Crystallization cannot explain the observed re-
versed zoning in plagioclase. Instead, crystallization predicts an
anorthite-rich interior and albitic rim. Any exchange process should
also lead to zoned REE profiles in minerals coexisting with CaS.
Further REE measurements on such mineral assemblages may re-
veal that the REE underwent metamorphic redistribution. Prelimi-
nary ion probe investigations of an enstatite-oldhamite assemblage
from the Pena Blanca Spring aubrite (Fahey et al, 1995) show a
falling concentration gradient of the REE from the oldhamite-
enstatite interface towards the enstatite interior. More investigations
of major element (Ca, Mg, Mn, Fe) distributions in oldhamite and
coexisting minerals may also provide additional information about
the extent of (metamorphic) exchange reactions. More primitive
oldhamite should display higher Fe and Mg but lower Mn concen-
trations than metamorphically altered oldhamite (Larimer and Gana-
pathy, 1987; Lodders et al., 1993).

It seems that most of the oldhamite inherited from the enstatite
chondrite-like precursor may never have come in contact with melt
or exchanged REE with other minerals. The high REE abundances
and variety of REE patterns for most oldhamites in aubrites are still
strikingly close to those in unequilibrated enstatite chondrites. Still,
more investigations of major element and REE distributions among
coexisting minerals in aubrites as well as experimental studies of
mineral phase relations are needed to test the model proposed above
and to obtain a better understanding about the evolution of the
aubrite parent body.
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