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Abstract—Using the most recent thermodynamic data, we calculated the condensation behavior of
REE and investigated several models to explain ‘group II' REE patterns in Allende inclusions. All
models involve removal of large fractions of the more refractory heavy REE in an early condensate,
probably perovskite, followed by condensation of the remainder at lower temperature. BOYNTON (1975
Geochim. Cosmochim. Acta 39, 569-584), found that the pattern of one such inclusion could not be
fit by that of the gas remaining after ideal solution of REE in perovskite and, assuming the presence
of only one REE component, calculated relative activity coefficients for REE in perovskite that would
be needed to produce a match. In attempting to fit 20 group II patterns with this type of model,
we found that these activity coefficients could not be used for most inclusions and that the relationship
between ionic radius and required activity coefficients had to change rapidly and irregularly over
a narrow range of perovskite removal temperature. Because this feature and the high degree of non-
ideality needed are most unreasonable, we propose a different model in which two REE components
contro] the patterns: (1) the gas remaining after removal of perovskite in which REE dissolve in
ideal solution; (2) a material uniformly enriched in all REE. Two-component models in which solid
solution of REE in perovskite is slightly non-ideal and activity coefficients vary negligibly over a
narrow temperature range cannot be ruled out. By varying perovskite removal temperatures and the
relative proportions of the two components, all 20 REE patterns can be satisfactorily explained.

By using a thermodynamically reasonable model, we conclude that perovskite removal occurred
OVET a very narrow temperature range, that multiple refractory element-bearing components are present,
indicating a complex history for these inclusions, and that the undeniable gas-solid fractionations
that produced the REE patterns may have taken place under somewhat more reducing conditions

0016-7037/79/1001-1611$02.00/0

than those of a normal solar gas.

INTRODUCTION

THERE has been considerable speculation about the
origin of the fine-grained inclusions from Allende
since the discovery by TANAKA and Masupa (1973)
that they contain highly fractionated abundances of
the rare earth elements (REE) when compared to Cl
chondrites. Tanaka and Masuda proposed that the
fractionated rare earth patterns were formed by in-
complete volatilization of dust followed by fractional
condensation, although they did not attempt to model
the process in detail.

BOYNTON (1975) calculated the condensation behav-
ior of the rare earths and suggested a model for the
origin of the REE pattern of Tanaka and Masuda’s
fine-grained inclusion G,. He proposed that the more
refractory heavy REE condensed in solid solution in
yttrium oxide and perovskite and were removed from
the gas prior to condensation of the fine-grained in-
clusions. Assuming ideal solid solution of REE in per-
ovskite, Boynton calculated solid-gas distribution
coefficients for the REE relative to La at 1650 K, the
perovskite condensation temperature at 10~ % atm
total pressure calculated by GrossMaN (1972). The
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amount of each REE condensed was allowed to vary
by varying the solid-gas distribution coefficient for
La at constant temperature. Boynton found that the
calculated REE pattern of the gas remaining after per-
ovskite removal would not match that of inclusion
G, using ideal solid solution in perovskite alone.
Assuming that LnO, 5 is the compound dissolving
in CaTiOj;, he calculated the relative activity coeffi-
cients required to make the calculated pattern match
that of the inclusion. He found that there was a linear
relationship between the ionic radii and the logar-
ithms of the calculated relative activity coefficients of
Sm, Gd, Dy, Er and Lu, with the relative activity
coefficient of Lu ~ 35 times that of Sm.

The Boy~NTON (1975) model suffers from several dif-
ficulties:

(1) It is unable to predict REE patterns as a func-
tion of temperature.

(2) In order to caiculate a REE pattern, it must
assume the fraction of La condensed, even though
such a degree of condensation may not be allowed
by thermodynamic equilibrium under the conditions
assumed in the model, T =165K and
P; = 1073 atm.

(3) It requires an unreasonably large degree of non-
ideality of solid solution of REE in perovskite, con-
sidering the versatility of the perovskite structure and
the high temperature at which perovskite condenses.
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(4) Tt uses the REE pattern of the TANAKA and
MasuDpa (1973) inclusion to calculate thermodynamic
quantities, activity coefficients, assuming that the only
REE present in fine-grained inclusions are those
which remained behind in the fractionated gas. Un-
fortunately, no other fine-grained inclusions had been
analyzed at that time, so that the validity of the
choice of activity coefficients could not be tested. Ap-
plication of the model to a second inclusion, B-32W
(BoynTON, 1978) shows that a single set of activity
coefficients cannot be used for all inclusions.

(5) It predicted that Tm would have a volatility
intermediate between those of Ho and Er rather than
considerably greater than that of Gd (BoynTtoN, 1975,
Fig. 3). Thus, a small Tm anomaly was predicted,
but Tm enrichments equivalent to those of the light
REE, which are now known to occur in group II
inclusions, were not predicted.

Considerably more data on REE patterns in fine-
grained inclusions have become available since the
publication of BOYNTON (1975). MARTIN and MasoN
(1974) found that there are two types of REE patterns
among fine-grained inclusions, with which they classi-
fied the inclusions into groups II and III. The REE
patterns of the group II inclusions, like that of the
inclusion analyzed by TaNAKA and Masupa (1973),
are characterized by fairly uniform enrichments in
light REE and lower enrichments in most heavy REE,
with the enrichments dropping with increasing atomic
number. Tm is enriched to nearly the same extent
as the light REE and Eu and Yb are depleted to
about the same degree relative to the light REE. The
REE patterns of group III inclusions are character-
ized by uniform enrichments of nearly all REE with
similar negative Eu and Yb anomalies.

There are REE analyses of group II fine-grained
inclusions in TANAKA and Masupa (1973), CONARD
et al. (1975), ConarD (1976), MasoN and MARTIN
(1977), GrossMAN and GANAPATHY (1976b), NAGa-
sAWA et al. (1977) and PALME (personal communica-
tion). In addition, three coarse-grained inclusions with
group II REE patterns have been analyzed: CG-5
(GrOssMAN and GANAPATHY, 1976a), 4691 (MAsoN
and MAaRrTIN, 1977) and CG-12 (unpublished work
from this laboratory). There are also three inclusions,
A-2 (CoNARD, 1976), FG-16 (GRossMAN and GANa-
PATHY, 1976b) and A-19 (PALME, personal communi-
cation) whose REE patterns strongly resemble those
of group II inclusions, the only difference being that
they have positive rather than negative Eu and Yb
anomalies. We will refer to these inclusions as group
IIA. The only complete REE analyses are those of
CoNARD (1976), shown in a figure in CONARD et al.
(1975).

Using the most recent thermodynamic data for
REE and refined solar composition condensation cal-
culations (LATTIMER et al., 1978) we have calculated
the condensation behavior of the REE in order to
test the BoyNTON (1975) model for all -published ana-
lyses of group II inclusions and to construct a more
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plausible model to explain the REE patterns found
in group II and group III inclusions.

METHODS OF CALCULATION

REE normalization values

All REE analyses discussed in this paper were normal-
ized to REE abundances in Cl chondrites, since the compo-
sition of Cl chondrites is generally believed to approximate
that of the total condensible matter of the solar system.
The mass spectrometric isotope dilution analyses of REE
in the Orgueil Cl chondrite (NAKAMURA, 1974) were
adopted as normalization values for all but the four
monoisotopic REE, Pr, Tb, Ho and Tm, which cannot
be determined by this method. Data for the monoisotopic
REE were derived from literature sources in the following
way. Enrichment factors of La, Nd, Sm, Eu, Dy, Er, Yb
and Lu relative to Orgueil (NAKAMURA, 1974) were calcu-
lated for each of 11 ordinary and carbonaceous chondrites
analyzed by HaskIN et al. (1966) and for two samples of
Leedey analyzed by CoNARD (1976). In both of these publi-
cations, data were also given for the monoisotopic REE
in each chondrite. Chauvenet’s criterion (DE SOETE et al.,
1972) was used to reject outlying individual REE enrich-
ment factors for each chondrite. The polyisotopic REE Ce
and Gd were not used in this calculation because the
enrichment factors for Ce differed from those of other REE
in many of the above chondrites and the enrichment fac-
tors for Gd were consistently higher than those of other
REE in the chondrites analyzed by HASKIN et al. (1966).
The abundances in ppm of Pr, Tb, Ho and Tm in each
chondrite were divided by the mean enrichment factor for
the remaining REE in that chondrite. In this way, thirteen
separate estimates of the Cl abundances of these four ele-
ments were made, one for each chondrite used. The means
of these estimates were then calculated for each of Pr, Tb,
Ho and Tm, after using Chauvenet’s criterion to reject out-
lying values. These derived concentrations of monoisotopic
REE in Cl chondrites are believed to be the best available
estimates of the concentrations of these elements in the
total cohdensible matter of the solar system. The concen-
trations of REE in Cl chondrites are given in Table 1,
along with uncertainties for the monoisotopic REE based
on the standard deviations of the values estimated above.
We feel that the Cl chondrite normalization values derived
here are superior to those of EVENSEN et al. (1978). For
the polyisotopic REE, they used the mean relative abun-
dances from several types of chondrites with the levels
adjusted to match the mean for Cl chondrites. Since the
Cl chondrites are generally believed to be the objects
which most closely resemble solar composition in the rela-
tive abundances of all but the most volatile elements, we
believe that they alone should determine the normalization
values for polyisotopic REE. The EVENSEN et al. method
for calculating normalization values for monoisotopic REE
resembles ours, but their method has no provision for
rejecting individual REE analyses. Several individual REE
analyses are clear outliers, either due to analytical error
or because they are genuine anomalies. In either case, we
do not believe that these analyses should be included when
calculating normalization values.

Condensation calculations

The condensation calculations were carried out in a
manner similar to that of GRossMAN (1972). For each rare
earth, a mass balance equation is written,

NMm + NMOm + NM0| s NTN' (1)

where the terms represent the number of moles per liter
of gaseous elemental M, gaseous monoxide, solid sesqui-
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Table 1. REE concentrations* in Cl chondrites

Element Concentration (ppm)

La 0.253

Ce 0.645

Pr 0.0965 + 0.0032
Nd 0476

Sm 0.154

Eu 0.0587

Gd 0.204

Tb 0.0397 + 0.0011
Dy 0.252

Ho 0.0606 + 0.0016
Er 0.166

Tm 0.0260 + 0.0006
Yb 0.168

Lu 0.0253

* See text for data for Pr, Tb, Ho and Tm.
Remaining data are taken from NAKAMURA
(1974).

oxide and total element, respectively. The ideal gas law
is used to substitute for the first term,

Py
NM‘,, = ﬁ s (2)
where Py is the partial pressure of gaseous elemental M,
R is the gas constant and T is the absolute temperature.
The second term can be written in another way, using
the equilibrium constant, K, of the reaction

M(s) + Om =2 Mo(x)v (R'l)
Pumo —AG,
K = = —_—
17 PuPo exP( RT /)’ ®)

where AG, is the free energy of reaction (R-1), calculated
from literature thermodynamic data and Py and P, are
the partial pressures of the gaseous monoxide and oxygen,
respectively. An expression for Nyo is obtained by re-
arranging (3) and substituting the ideal gas law:

PuPoK;
RT

NMO“. =

4

For the case considered here, solid solution of REE in
perovskite, a substitution for the third term in (1) can -be
calculated from the condensation behavior of perovskite
and the equilibrium constant, K,, of the reaction

MO, 5 = 2M,, + 30,

_ PP __(-AG,
Alzwou a RT /°

(R-2)

K, 5

where Ay, , is the activity of the sesquioxide in perovskite
and AG; is the free energy of reaction (R-2). Writing the
formula of the sesquioxide on the basis of only one cation
assumes ionic behavior of M in the perovskite structure.
The activity is equal to the product of the activity coeffi-
cient, ymo, ,» and the mole fraction of MO, 5 in perovskite,
Xmo, 4!

Amo. s = Mo, s Xm0, 5 (6)
where

NMO

™

per

XM01 s =

1613

and where N, is the number of moles per liter of con-
densed perovskite. It follows that

PP}
NMOx.sm = \/ w0 Nper~ (8)

2
Mo, K2

Egn (1) is then rewritten:

Py PuPoK; PAP3
M N = NTot' 9
RT RT T o, Kz M ©)

The fraction condensed of each rare earth is given by

NMO).sM

Fcond = N-quo‘ (10)

which is equivalent to
Py N,
K
Fcund = 2 YMOIJ . (11)
1 . PoK, . EN”’
RT RT K, vy

Note that the degree of condensation is independent of
REE cosmic abundances. The fraction remaining in the
gas is given by

F =1- Fcund' (12)

Ce forms a stable, gaseous dioxide whose concentration
is not negligible under high temperature, solar nebular
conditions. Also, solid CeO, can condense in addition to
solid Ce,0;. Thus, two additional terms, Nc.,, and
Nceo,.» the number of moles per liter of gaseous and crys-
talline CeO,, respectively, must be considered in the mass
balance equation for Ce. Following a derivation similar
to that for (11), we find that

gas

PCZ)Nper + \/P(a) Nper

FC = Yeeo,Ka K3 yceo, s
oo 1 + POKl P(2)K3 P(Z)Nper + F_g Nper ,
RT RT RT Yeeo.Ka K3 yeeo, «

(13)

where K, and K, are the equilibrium constants for the
reactions

Ceg + 20 =2 CeOy, (R-3)
and

CeO,, = Cey) + 20y, (R-4)

calculated from their free energies, AG, and AG,, respect-
ively.

Solid EuO can condense in addition to solid Eu,O;.
Following a derivation similar to that of (11), we find that

PONper + \/E Nper

oK K; Ve, -
Ffo“nd= Yewo S s 2 YE Ors__ (14)
L, PoKi  PoNy, \/Pé N,.,
RT RT YEUQKs KZ YEuO1.5

where K is the equilibrium constant for the reaction

EuQ, = Eu, + Oy, (R-5)
calculated from its free energy, AGs.

Data for the number of moles per liter of condensed
perovskite and the partial pressure of oxygen at 2° tem-
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perature intervals were taken from the solar nebular con-
densation programs at 10" 3atm total pressure whose
results are given in LATTIMER et al. (1978). From eqns (11)
and (12), it is clear that the only remaining quantities
required to compute the REE patterns of perovskite and
the gas in equilibrium with it are the thermodynamic data.

Sources of thermodynamic data

The most recent. estimates of the free energies of forma-
tion of monatomic gaseous oxygen and the monatomic
gaseous REE, their gaseous monoxides and their crystal-
line sesquioxides are those in the JANAF Tables (1977),
HULTGREN et al. (1964 and later), AMES et al. (1967) and
GSCHNEIDNER et al. (1973), respectively. The most recent
estimates of the free energies of formation of gaseous and
solid CeO, are those of ACKERMANN and RAUH (1971) and
Gschneidner et al. (1973), respectively. Most of the data
of AMES et al. (1967) are based on mass spectrometric
measurements of the gas released from a Knudsen effusion
cell in which REE sesquioxides were heated. The remaining
data are based on metal-monoxide isomolecular exchange
reactions for pairs of REE. The zero-degree enthalpies of
formation of the gascous REE monoxides given by Ames
et al. are calculated from their experimental data using
enthalpy data for oxygen, gaseous monatomic REE and
crystalline REE sesquioxides which are different from the
most recent estimates of these data. In order to use the
Ames et al. data with newer thermodynamic data for these
species, the enthalpies had to be recalculated from their
experimental results. The method of recalculation is given
in Appendix I and the uncertainties in these data are esti-
mated in Appendix II. These appendices have been de-
posited with University Microfilms International as publi-
cation number LD 288 and can also be obtained by writing
directly to the authors.

Uncertainties in calculated REE patterns

We now wish to calculate the range of REE patterns
allowed by the thermodynamic data and their uncertainties
for the gas remaining after perovskite removal using (11)
and (12).

For monoxides with effusion-derived enthalpies, uncer-
tainties in AG, due to uncertainties in AHo(M,),
AH¢ o(Oyy) or AHf o(M,05,;) will be accompanied by un-
certainties in AG,, since M, and Oy, appear in (R-1) and
all three of these enthalpies are used in deriving enthalpies
for MOy,,. Uncertainties in AG, due to other thermodyna-
mic and experimental errors are independent of AG,. We
calculated the dependent and independent parts of the
error in AG,. The total uncertainty in AG, is given by

OrG, = \/o'rzdzo, + (2op)* + (360)*. (15)
The adjustments to the individual free energies of M, 05,
M, and O, necessary to bring the value of AG, to its
upper and lower error bounds allowed by (15) were calcu-
lated by assuming that the fraction of the total 1o uncer-
tainty is constant for each of the individual free energies
and is given by:

0aG,

GOm0, + 20 + 300 (16)
Using these adjusted individual free energies, AG, was
recalculated at the upper and lower error bounds of AG,.
Each of these values of AG,; was then adjusted to upper
and lower bounds allowed by the independent part of its
uncertainty and, at each of the four values of AG,, F,,
was calculated at 1676.5 K from (11) and (12) for each REE
whose gaseous monoxide’s enthalpy was derived from effu-
sion experiments.

For REE with exchange-derived enthalpies for M*O,,
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adjustments of enthalpies of formation of M3Os,,, have no
effect on AG;, but adjustments of those for M30;,, and
Mg, do have an effect, where M* and M are the two REE
involved in an isomolecular exchange reaction. For the
purpose of simplification, the portion of the uncertainty in
the adopted exchange-derived enthalpies for M*Oy,, inde-
pendent of uncertainties in the enthalpies of species of M®
was calculated. Using these as the uncertainties in AG,,
Fgas was calculated as above for each REE whose monox-
ide’s enthalpy was obtained from exchange data for each of
the four possible combinations of upper and lower bounds
of AG, and AG,. For Ce, two additional species are in-
volved in the equations, CeOy, and CeOy,,. No literature
estimates of uncertainty in the enthalpy of CeO,, are
available. Using the error estimates for the free energy of
CeQ,,,, given by GSCHNEIDNER et al. (1973) as the error in
AG,, four estimates of F,,, were calculated for Ce at each
error bound of AG,.

For each REE, the minimum and maximum F,,, allowed
by the uncertainties in thermodynamic data were selected
and plotted in Fig. {. Because literature estimates of uncer-
tainties in free energies of species in (R-1) and (R-2) are
indépendent of temperature and because those calculated
in Appendix II are assumed to be independent of tempera-
ture, the error bounds on AG,, AG, and AG, are indepen-
dent of temperature and the magnitudes of uncertainties
in Fy,,/Feona are constant. For elements that are largely
condensed at 1676.5 K, the uncertainties in F,,, will be
comparable at lower temperatures. For elements that are
largely in the gas phase at 1676.5 K, the uncertainties will
be considerably larger at lower temperatures. The range
of REE patterns allowed within thermodynamic error
bounds is enormous; for example, F,,, for Lu at 1676.5 K
can vary by a factor of 11, from 0.0033 to 0.036.

Choice of a unique set of thermodynamic data

Although many REE patterns are allowed at each tem-
perature within our knowledge of the free energies, only
one set of free energies and one REE pattern is correct
at each temperature. Furthermore, the values of the free
energies must vary smoothly with temperature and the
degree of condensation must increase smoothly with de-
creasing temperature. Since we do not know the exact
values of AG,, AG,;, AG; and AG,, we will determine
the adjustments to the free energies required to match the
REE pattern of one inclusion at a fixed temperature and
apply these adjustments to the free energies at all tempera-
tures. We will then use these adjusted free energies to see
how well the REE patterns of the other inclusions can
be modelled.

In the models described in this work and in BoynTOoN
(1975), the enrichment factors of REE in group II inclu-
sions are determined by three quantities: (1) the fraction
of each REE removed from the gas with perovskite; (2)
the fraction of the amount of each REE remaining in the
gas after perovskite removal which condenses along with
other material to form group II inclusions; and (3) the
amount of material with which these REE condense to
form group II inclusions. For the heavy REE, other than
Yb, the second of the above quantities is certainly one,
since they are so refractory. Evidence for the complete con-
densation of the light REE in these inclusions comes from
the high amounts of Fe, Mn, Zn and Cr in fine-grained
inclusions (GROSSMAN and GANAPATHY, 1976b). Since the
latter elements are all more volatile than the light REE,
the light REE are assumed to have condensed completely
and the second of the above quantities is assumed to be
one for all REE except Eu and possibly Yb. Additional
evidence for complete condensation of the light REE in
group II inclusions comes from the observation that,
assuming ideal solid solution, the light REE should be 959
condensed at the temperature at which spinel, an abundant
mineral in all group II inclusions, first appears. The third
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Fig. 1. Uncertainties in thermodynamic data allow a wide variety of REE patterns for the gas in
equilibrium with perovskite at 1676.5K (and at any other temperature below that at which perovskite
first condenses, 1677.4 K).

of the above quantities can be eliminated as a variable
by normalization to the enrichment factor of any REE
except Eu and Yb. We have normalized to the enrichment
factor for Sm because it is the most easily determined of
all REE. By normalizing enrichment factors of other REE
to that of Sm, we have transformed the problem to one
of predicting relative, rather than absolute, REE patterns
in inclusions and in the gas prior to condensation of the
inclusions. Relative REE patterns in the theoretical calcu-
lations of the gas in equilibrium with perovskite were
obtained by normalization of F_, for each REE to F,
for Sm.

Because there is no evidence for consistent fractionation
of any single light REE from any other light REE in group
II inclusions, we will not attempt to model them in detail
in this paper. Since all five light REE could have coincident
condensation curves within error, we have chosen AG,,
AG, and AG, from within their error bounds such that
F,.. is the same for all five light REE at 1676.5K. This
will have the effect of artificially producing a flat REE
pattern from La to Sm over the temperature range of inter-
est. According to calculations using available thermodyna-
mic data, Eu is much more volatile than the light REE
and Yb is slightly more volatiie than them. The depletions
in Eu relative to the light REE in group II inclusions may
be due to incomplete sondensation of the gas remaining
after perovskite removal and the enrichment of Eu in
group l1A inclusions may be due to addition of a late-
condensing, volatile-rich component. Because Yb is very
strongly correlated with Eu in these inclusions, and is un-
correlated with either light or heavy REE, we have decided
to treat it in exactly the same way as Eu. ie. we have

gas

decoupled Yb from the detailed condensation calculations,
despite the fact—tirat it is only slightly more volatile than
the light REE. Yb concentrations in these inclusions are
lower than can be calculated from ideal solution models
when the condensation behavior of Yb is computed in the
same way as that for the other heavy REE. This has impor-
tant consequences which will be discussed later in the
paper.

The REE pattern used for adjustment of free energies
was that of inclusion B-32W of CoNARD (1976). It was
chosen because analyses of all 14 REE exist for it and
because, of all group II REE patterns, it is the one which
most closely matches the REE pattern calculated with our
unadjusted thermodynamic data assuming ideal solid solu-
tion. Free energies for Gd, Tb, Dy, Ho, Er and Lu were
chosen from within their error bounds such that FREY/Fim
calculated with Sm free energies adjusted as above
matched the Sm-, Cl-normalized .enrichment factors for
these REE in B-32W at 1676.5 K. An exact match between
these values could not be attained for Tm, so we have
adopted the maximum allowable changes in free energies
to bring its calculated value as close as possible to its
measured value. The free energy adjustments computed
here at 1676.5 K were applied to the free energies at all
temperatures and are shown in Table 2.

DISCUSSION

One-component, ideal solution model

The composition of the gas remaining after ideal
solid solution of REE in perovskite was calculated
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Table 2. Adjustments to free energies required to match
the REE pattern of B-32W at 1676.5 K (kcal/mol), assum-
ing ideal solid solution of REE in perovskite (model 2).
Given in italics are the adjustments required for the two-
component, non-ideal solid solution model (model 3)

AG, AG, AG,

La +3.266
Ce +4.983 +3.361 +2.300
Pr +1.231
Nd +3.752
Sm —2.670
Gd +0.736

—2.400
Tb -0.217

—-2.292
Dy -0.271

—-1.241
Ho +7.029 -3.240

+7.053 —-3.240
Er +0.217

+1.353
Tm —0.548 —3.945

—-0.548 -3.945
Lu +0.579

+5.998 —~3.884

at several temperatures near the condensation tem-
perature of perovskite, 16774 K, using the thermo-
dynamic data as adjusted in the previous section.
These calculated REE patterns are compared in Fig. 2
with the Sm-, Cl-normalized REE patterns of the
three fine-grained group II inclusions and the single
coarse-grained group IIA inclusion for which com-
plete REE analyses exist (CONARD, 1976). Since the
depletions in Eu and Yb reiative to light REE seem
to be due to incomplete condensation of these
elements into group II inclusions, the fractions of
these elements remaining in the gas after perovskite
removal were not calculated and, for clarity, the cal-
culated REE patterns were drawn to match the
observed Eu and Yb depletions in Fig. 2.

There are several important features of the REE
patterns of the gas phase in equilibrium with perov-
skite. Small temperature changes near the perovskite
condensation temperature have tremendous effects on
the calculated REE patterns, largely because the
degree of condensation of perovskite is a strong func-
tion of temperature near its condensation tempera-
ture. The calculated REE patterns never cross one
another, since as the temperature drops, the amounts
of all REE remaining in the gas decrease. The calcu-
lated depletions of Gd, Tb, Dy, Ho, Er and Lu in-
crease with increasing atomic number at all tempera-
tures when B-32W is used as the standard to which
thermodynamic data are fitted. All group II inclusions
show this order of depletion of heavy REE. Had un-
fitted thermodynamic data been used, however, Ho
would have been calculated to be no more depleted
than Dy, as shown in Fig. 1. Tm is calculated to
be less refractory than its neighbors Er and Lu, but
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not as volatile as the light REE, in conflict with
observed group II REE patterns.

Except for Tm, which is 34% low in the calculated
REE pattern, the pattern at 1676.5 K matches that
of B-32W because the thermodynamic data were
chosen to fit its REE pattern as closely as possible.
The remaining inclusions do not match as well
B29-S1 shows a slight tendency to cross condensation
curves, since the perovskite removal temperatures in-
dicated by different REE increase progressively from
1676.2 for Gd to 1677.1 K for Lu. This effect is more
pronounced for I-3, where the indicated perovskite
removal temperatures increase from 1668.0 for Gd to
1677.1 K for Lu. Predicted perovskite removal tem-
peratures for A-2 increase from 1674.6 for Gd to
>1677.3K for Lu.

Because the concentrations of different REE in the
same inclusion suggest different perovskite removal
temperatures, calculations of the gas composition
remaining after ideal solid solution of REE in and
removal from equilibrium of perovskite cannot
explain the variety of REE patterns found in group
II inclusions. In order to explain discrepancies
between REE patterns predicted by such ideal solu-
tion calculations and that of inclusion G, (TaNAKA
and MAsuDa, 1973), BoyNTON (1975) assumed that
the only REE component in this inclusion consists
of those REE which condensed from the gas after
perovskite removal. He further proposed that the
heavy REE exhibit considerable non-ideality in their
solid solution behavior in perovskite or other host
phases and calculated the relative activity coefficients
required to make the REE pattern of G, match that
of the gas remaining after removal of perovskite or
other host phases with REE in non-ideal solution.
We propose here two alternative models that resem-
ble that of Boynton in their basic explanation of the
observed REE fractionations, but which differ from
the BOYNTON (1975) model in some important details.
We will now examine the models in detail.

One-component, non-ideal solution model

The method of calculation described above rem-
edies several of the difficulties of the Boynton (1975)
model outlined in the Introduction. The temperature
dependences of the degree of condensation of perov-
skite and of the partial pressure of oxygen were used
here to calculate relative REE patterns of perovskite
and of the gas in equilibrium with it as a function
of temperature without assumptions about the degree
of condensation of La. In addition, the validity of
the choice of activity coefficients can be tested
because many REE analyses of group II inclusions
are now available.

To check the one-component, non-ideal solution
model of BoynTon (1975) for internal consistency, we
used it to calculate activity coefficients for each inclu-
sion in Fig. 2. A perovskite removal temperature was
chosen for each, using the observed Sm-, Cl-normal-
ized enrichment factor for each REE as F_,, for that
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Fig. 2. Using thermodynamic data adjusted to fit inclusion B-32W in a one-component, ideal solution
model, the REE patterns of B29-S1, I-3 and A-2 are not compatible with F .. at any temperature.
The calculated REE patterns were drawn with Eu and Yb matching the observed values for clarity.
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REE divided by Fim assuming s, = | and solving
equations (11) and (12) for y for that REE. Although
the calculated y's vary with removal temperature, they
do not vary significantly relative to one another over
the temperature range considered, 1660-1677.4 K. We
found that a single set of y’s would not fit all of these
inclusions and that the differences between the y’s
necessary to fit different inclusions were well beyond
those allowed by uncertainties in the thermodynamic
data.

Assuming that the gas remaining after perovskite
removal was the only REE-bearing component in in-
clusion G, (TANAKA and MasuDa, 1973), BOYNTON
(1975) found that the best fit was obtained when there
was a linear relationship between ionic radius and
the logarithm of the relative activity coefficient and
when y,, was approximately 35 times s, BOYNTON
(1978) applied this model to inclusion B-32W (Con-
ARD, 1976) with the same assumptions and thermo-
dynamic data. He found that the best fit was achieved
with the same functional relationship between ionic
radius and activity coefficient but with y,, only 9
times g,

Although uncertainties in thermodynamic data
cause large uncertainties in F_,, (Fig. 1), there must
be a unique set of thermodynamic data which applies
to all calculations. This holds not only for K, and
K, but also for activity coefficients, both relative and
absolute. A crucial test of the BoyNTON (1975) model
is to see if a single set of relative activity coefficients
can be applied to all group II inclusions, assuming
that their REE patterns are controlled by a narrow
range of perovskite removal temperatures. Both our
calculations and those of BoynTon (1975, 1978) show
that the BoynTON (1975) model definitely fails this
test. The next question to be considered is whether
different inclusions might have been affected by such
widely differing perovskite removal temperatures that
the required differences in relative activity coefficient
functions are reasonable.

Temperature variation of the activity coefficient vs
ionic radius relationship. Using thermodynamic data
adjusted to fit B-32W with ideal solution at 1676.5 K,
the activity coefficients required to match observed
heavy REE enrichment factors can be calculated for
any inclusion as a function of temperature, assuming
a value for ys,,. The results of such calculations where
¥sm = | are plotted as a function of ionic radius in
Fig. 3 for B29-S1, for example. BoynToN (1975) sug-
gested that activity coefficients for solid solution of
REE in the high temperature host phase, which he
believed to be perovskite, are constant from La to
Nd and that log y increases linearly with decreasing
ionic radius from Sm to Lu. It is clear that there
is only one temperature, 1675.6 K, at which a least
squares linear regression line of log y vs ionic radius
for Gd, Tb, Dy, Ho, Er and Lu will intersect ys,, = 1
in Fig. 3. At all other temperatures, there must be
a sharp change in y between Gd and Sm. These con-
clusions hold no matter what value is assumed for
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Fig. 3. There is only one perovskite removal temperature
at which a linear regression through Gd, Tb, Dy, Ho, Er
and Lu points on a log y vs ionic radius plot intersects
7sm = 1. At all other temperatures, there would have to
be a discontinuous jump in activity coefficient between Sm
and Gd. REE substitute into the 12-coordinated Ca site
in perovskite. Since ionic radii are not available for this
coordination number, we have used the 8-coordinated
ionic radii of SHANNON (1976} in all figures, but have not
written them on the x-axes.

Ysm- Similarly, there must be unique temperatures at
which heavy REE regression lines intersect yyy = 1
Orf Y64 = 1.

It may not seem fair to use thermodynamic data
adjusted to fit an ideal solution model for B-32W
to model non-ideal solution. However, examination
of Table 2 reveals that the adjustments made to the
free energies for Gd, Tb, Dy, Er and Lu are small
(<1kcal). Only Ho required a large adjustment. If
the latter adjustment had not been made, all models
would have consistently overestimated the enrichment
factor for Ho.

Method of calculation. We calculated the perovskite
removal temperature at which the heavy REE regression
line of log y vs ionic radius intersects ys,, = 1 for all group
II inclusions for which data are available for two or more
REE of the group Gd, Tb, Dy, Ho, Er and Lu. This was
done by computing an FE,/F5% value for each heavy REE
in the above group from their observed enrichment factors,
J®s, and the enrichment factor for Sm, JS™:

FE, JE

Sm
FIZS

(1n

A temperature was selected and yg's were calculated from
(11) and (12). using the ratio computed in (17). The log
y vs ionic radius regression coefficients were then calcu-
lated and, from these, y at the ionic radius of Sm. This
series of calculations was repeated at different temperatures
until the temperature at which the regression line passed
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Table 3. Results of REE condensation models of all inclusions for which two or more of the REE Gd, Tb, Dy,
Ho, Er and Lu have been analyzed

One-component, non-
ideal solution model

Two-component, ideal
solution model

REE used in models

Sample T, (K) Pro/Ysm T, (K) F, F, Jy Gd Tb Dy Ho Er Lu Refl
FG-13 1676.9 2.88 1677.2 0.985 0.015 574 x % X 1.2
A-19 1673.9 148 1677.0 0.844 0.156 13.0 X  x x x 3
CG-5 1675.3 213 1676.9 0.760 0.240 82.5 X X x 45
B29-S1 1675.6 7.22 1676.7 0971 0.029 29.5 X X x x x x 6
B-32W 1676.5 1.00 1676.5 1.000 0.000 59.1 x X X X x x 6
A-10 1676.4 1.28 1676.1 0.987 0.013 325 x x x x x x 3
37 1674.9 18.8 1676.1 0.853 0.147 18.2 x X %X X 7
A-21 1669.7 57.2 1675.8 0.927 0.073 23.7 x X x 3
G, 1672.8 5.34 1675.7 0.994 0.006 26.0 x X x x 8
4691 1672.1 16.6 1675.0 0.890 0.110 43.0 X X x X X 7
G, 1667.6 78.6 1674.7 0.936 0.064 15.8 X x x x 8
13 1665.3 46.9 1674.5 0.953 0.047 28.8 x x 9
4692 1671.2 8.46 1674.3 0.948 0.052 374 X X x X X 7
3598 1666.6 327 1673.6 0.938 0.062 21.7 X X x X X 7
3643 1662 712 1673.2 0.699 0.301 184 X X X X X 7
3803 1658 92.2 1672.0 0.948 0.052 14.1 x X x X X 7
CG-12 1540 2093 1671.7 0.920 0.080 24.1 X x 2
15 1639 151 1670.9 0.961 0.039 237 x x 9
I-3 1630 138 1667.7 0.966 0.034 236 X x x X x x 6
A-2 1649 1235 1664.0 0.764 0.236 124 X X X ox x x 6

References: 1, GROSSMAN and GANAPATHY (1976b); 2, Unpublished data from this laboratory; 3, PALME (personal
communication); 4, GROSSMAN and GANAPATHY (1976a); S, GROSSMAN et al. (1977); 6, CONARD (1976); 7. MasON and
MARTIN (1977); 8, TANAKA and MasuBA (1973); 9, NAGASAWA et al. (1977).

through ys,, = 1 was found. The computations were done
at 0.1° intervals from 16774 to 1664 K, 1° intervals from
1664 to 1636 K, 10° intervals from 1630 to 1600 K and 20°
intervals below 1600 K. Once the correct temperature was
found, activity coefficients for heavy REE were calculated
from the regression coefficients and used with F,, to calcu-
late model REE enrichment factors. y,,/ys, Was also calcu-
lated for use as an indicator of the steepness of the activity
coefficient vs ionic radius relationship. The results of these
calculations are given in Table 3 and calculated REE pat-
terns are compared with actual REE patterns in Figs 4-8.
Given in Table 4 are the mean deviations of theoretical
from observed REE patterns, which are useful as a measure
of goodness of fit. This value was calculated for each inclu-
sion from:

i | ialc - Jinmpl x
i=1

"siamp

MD. = 100, (18)

where Ji,. and J.,, are, respectively, calculated and
observed enrichment factors for REE i and n is the number
of REE analyzed from the group Gd, Tb, Dy, Ho, Er and
Lu. When only two of the latter REE have been measured
in an inclusion, M.D. is zero for that inclusion, because
the regression line will pass through both points. Also
given in Table 4 is the deviation between observed and
calculated enrichment factors for Tm. When no Tm analy-
sis was given, Tm was assumed to have the same enrich-
ment factor as Sm. The non-ideal solid solution model
provides reasonably good fits to the group II REE pat-
terns, with a mean deviation of 11.4%, averaged over the
17 inclusions with analyses of three or more heavy REE,
and fits Tm well when inclusions give high y, /s, values.

Models with non=ideal solution of Sm. We have also inves-
tigated models in which yg,, has values ranging from 0.01
to 1000. As ys,, increases from unity, calculated perovskite
removal temperatures drop, as can be seen in Fig. 3, and
the range of perovskite removal temperatures becomes
wider in order to accommodate all inclusions. As ys,, drops
below 1, calculated perovskite removal temperatures rise,

G.C.A. 43/10—¢C

and if yg, = 0.01, all inclusions have perovskite removal
temperatures within 1° of 1677.4 K. The order of inclusions
with decreasing perovskite removal temperature and in-
creasing y,,/¥sy ratio is independent of the value of ys,
in models where the latter is constant. This order also
remains the same in models in which ¥, or log 7, in-
creases or decreases linearly with temperature. The good-
ness of fit to observed REE enrichment factors does not
change significantly when values other than unity are used
for ysm-

Alternative y vs ionic radius functions. In the previous
discussion, we used a linear log y vs r function to model
the variation of activity coefficient with ionic radius. Other
functions describing this relationship can also be used.
Upon examination of Fig. 3, it is seen that if we use a
function that is fairly straight through the heavy REE and
then curves sharply downward through ys,, = 1. lower per-
ovskite removal temperatures will be obtained. The diffi-
culty with this type of function comes when it is extrapo-
lated to the light REE, where the predicted y’s will be
so low that the light REE, especially La and Ce, will con-
dense significantly prior to perovskite removal and severe
fractionations in the light REE patterns of group II inclu-
sions will occur. If we use a function that is fairly linear
through the heavy REE and curves sharply upward
through ys,, = 1, higher perovskite removal temperatures
will be obtained. Finally, the log y vs r function provides
superior fits to group II inclusions than do the other func-
tions tested.

Temperature variation of y../7sm Although the one-
component, non-ideal solid solution model is capable
of fitting the REE patterns of group II inclusions
fairly well, it requires that the relationship between
log y and ionic radius change rapidly with falling tem-
perature. Shown in Fig. 9 is a plot of y;,/ys,, VS per-
ovskite removal temperature assuming g, = 1.
YLu/Ysm increases rapidly and irregularly with falling
temperature. The increase is by a factor of about 400
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Fig. 4. Observed REE patterns are compared here with those calculated by the one-component, non-
ideal and two-component, ideal solution models. REE abundances in fine-grained inclusions B29-S1.
B-32W and I-3 and coarse-grained inclusion A-2 were determined by RNAA by CoNarD (1976).

over a 20° temperature range, but inclusions with vir-
tually the same perovskite removal temperature can
have y1./vsm values differing by as much as a factor
of 30. When the calculations are repeated for
Ysm = 100, ¥L./¥s. iNCreases by a factor of about 800
over a 100° temperature range. If ys,, = 0.1, YLu/Ysm
increases by a factor of 400 over a 6° temperature
range. REE partitioning experiments between perov-
skite and liquid (RINGWOOD, 1975; NaGASAWA et al.,
1976) show that perovskite has a strong affinity for
REE, so that if REE solid solution in perovskite
departs from ideality under solar nebular condensa-
tion conditions, activity coefficients are probably less
than unity. Thus, if ys, # 1, the range of perovskite
removal temperatures which the inclusions have ex-
perienced would probably have been smaller than
that indicated in Fig. 9.

While both absolute activity coefficients and activity

coefficient ratios for REE in perovskite could vary with
temperature, the extreme variations in the activity co-
efficient ratio of two elements, Sm and Lu, (whose ionic
radii differ by only 9%,), over a 20° or even a 100° tem-
perature range seem very unlikely, especially at the high
temperatures under consideration. The BOoYNTON (1975)
model thus fails its second test, since unreasonably
large variations in relative activity coefficients are
required over a narrow temperature range.
Non-ideal solid solution of REE in perouvskite. BOYN-
TON (1975) found that in order to fit inclusion G, of
TaNakA and Masupa (1973), the REE host phase
must strongly favor light over heavy REE. We have
now shown that, when modelled with a BoynTON
(1975) type model, some inclusions require the host
phase for REE to have an even stronger preference for
light over heavy REE than was called for by BOYNTON
(1975). Boynton considered several candidates for this
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Fig. 5. Same as Fig. 4. When a measurement of an individual REE other than Tm was missing,

the REE pattern was drawn through the mean enrichment factor calculated by the two REE condensa-

tion models. REE abundances in fine-grained inclusions 3643, 3803 and 4692 and coarse-grained inciu-
sion 4691 were determined by SSMS by MasoN and MARTIN (1977).

host phase. Hibonite was considered as a possibility
but there was no information on the ability of REE
to substitute into its structure. Yitrium sesquioxide
was eliminated because it should have an activity
coefficient minimum at the ionic radius of Y**, which
is between those of Dy** and Ho**. Boynton con-
cluded that the host phase was most likely to be per-
ovskite on the basis of the highly fractionated, light
REE-enriched REE patterns of terrestrial perovskites
found by Borobin and Barinskn (1960). We must
now consider whether the highly non-ideal solid solu-
tion behavior of REE in perovskite required by the
one-component model is reasonable.

There is no unequivocal evidence from either ana-
lyses of natural perovskites or experimental partition-
ing experiments that perovskite preferentially incor-
porates light over heavy REE. BoroDIN and BARIN-
skl (1960) measured REE abundances in perovskites

from various rock types and found perovskite to be
strongly enriched in light over heavy REE. These data

cannot be used as evidence in favor of non-ideal solid

solution of REE in perovskite because Borodin and
Barinskii analyzed neither coexisting minerals nor
bulk host rocks. Furthermore, the Borodin and Bar-
inskii perovskites contain 2.4-11.3 wt% total REE, so
that their crystal structures may be sufficiently differ-
ent from those of perovskites in which REE are minor
or trace constituents that Henry's Law is no longer
obeyed. Experimental measurements of REE parti-
tioning between perovskite and liquid have been
made in natural (Onuma, Ninomiya, Blanchard and
Nagasawa, quoted in NAGAsAwA et al,, 1976) and syn-
thetic (RINGwWOOD, 1975; NAGASAWA et al., 1976) sys-
tems. Assuming ideal solution behavior of REE in
all three liquids, y../ys. values of 5, 7 and 18 for
solid solution of REE in perovskite are obtained for
the experiments of ONUMA et al., NAGASAWA et al.
and RINGWoOD, respectively. Of the 20 inclusions
modelled in Figs 4-8, S require 7. ,/ys,, values less
than or equal to 5, 10 require y.,/ys,, values iess than
or equal to 20 and 10 require y.,/ys, values from
33 to 2090. Thus, experimental measurements from
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Fig. 6. Same as Fig. 5. Since Tm was not analyzed in any of these inclusions, REE patterns were

drawn such that Tm has the same enrichment factor as Sm. REE abundances were determined in

fine-grained inclusions 37 and 3598 by SSMS by Mason and Martin {1977) and in fine-grained inclu-
sions G, and G,, by MSID by Tanaka and Masupa (1973},

which approximate activity coefficients can be esti-
mated do not permit the y.,/ys, values required by
the one component, non-ideal solid solution model
for many inclusions. Furthermore, REE partitioning
between perovskite and liquid may not be applicable
to solar nebular condensation because of differences
in minor and trace element content of the perovskites.

The crystal structure of perovskite is quite versatile,
as demonstrated by the hundreds of perovskite struc-
ture compounds listed by GOODENOUGH and LonGo
(1970). There exist several perovskite structure com-
pounds, LnScO,, LnVO,; LnTiO, and LnAlQ,,
which are isostructural with and have similar lattice
dimensions to CaTiO,. The minor elements Al, Sc
and V are known to be present in perovskite from
Allende coarse-grained inclusions (GROSSMAN, 1975;
ALLEN et al, 1978). Since perovskite condensation
from a solar nebular gas occurs under highly reducing
conditions, small amounts of Ti** may be present
in condensate perovskite. The possibility of large dif-
ferences in activity coefficients between Sm and Lu

seems remote when there are cations present in per-
ovskite which can couple with lanthanides in substitu-
tion in CaTiO; to give unit cell volumes larger than
(by 8-16%, for LnScO,), smailer than (by 7-12% for
LnAlO,) and nearly the same size as (within 4% for
LnTi**O; and LnVO;) CaTiO;. Furthermore, the
change in unit cell volumes from SmTiO, to LuTiQ,
and SmAIO, to LuA103 are only 3 and 4%, respect-
ively, certainly not enough to produce y /75, values
as high as 2000.

The one-component, non-ideal solid solution model
is seen to require large changes in activity coefficient
vs ionic radius relationships for REE in perovskite
over a small range of temperature. These changes are
not a smooth function of temperature. Although they
may not be applicable to the conditions under con-
sideration, experimental measurements of partition
coefficients do not support y,/ys,, values greater than
~ 20, while the model requires this ratio to be greater
than 20 for 10 of the 20 group II inclusions for which
REE patterns have been determined.
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Fig. 7. Same as Fig. 6. REE abundances in fine-grained inclusions A-10 and A-19 were determined

by RNAA by PaLME (personal communication) and in fine-grained inclusions A-21 (PALME, personal

communication) and FG-13 (GrossMaN and GANAPATHY, 1976b and unpublished data from this labora-
tory) by INAA.

Two-component, ideal solution model

As seen in the previous section, the assumption that
the gas remaining after perovskite removal is the only
REE-bearing component in group II inclusions
requires that thermodynamic quantities (specifically,
activity coefficients) must vary by unreasonable
amounts from inclusion to inclusion. We now pro-
pose, what we believe to be a more plausible model.
One set of thermodynamic data must be used to
model all inclusions, so that, in addition to tempera-
ture, some other parameter must vary among inclu-
sions in order to explain the details of each heavy
REE pattern. TANAKA and MasuDa (1973) noted that
the REE pattern of G,,, which was removed from the
same inclusion as sample G, (B. MAsON, personal
communication), could be explained by mixing of the
REE pattern of G, with a chondritic REE pattern.
We found that addition to the group II inclusions
of a second REE-bearing component with uniform
enrichments of all REE will adequately explain the
observed REE patterns in all group II inclusions. This
second component carries 0-309%;, of the total Sm in

the inclusions. As shown later, some inclusions with
a large fraction of their Sm in this second component
require this component to have Sm enrichment fac-
tors greater than that of Allende matrix or bulk
Allende. We have therefore chosen the second com-
ponent such that it has all 14 REE enriched relative
to Cl chondrites by the mean enrichment factor for
all REE in the 17 group I coarse-grained inclusions
analyzed by CoNARD (1976), GrossMAN and GANa-
PATHY (1976a), GROSSMAN et al. (1977) and Davis et
al. (1978a,b), 17.8.

Method of calculation. For each group II inclusion, the
weight fraction of this second component needed to mini-
mize the mean deviation (18) of calculated from observed
enrichment factors for all REE analyzed from the group
Gd, Tb, Dy, Ho, Er and Lu was calculated in the following
way. For each REE,

JE = FJ% + F,J5, (19)
where F, and F, are the weight fractions of component
1 (the gas remaining after perovskite removal, condensed
into solid materiah and component 2 (which has a flat
REE pattern), respectively, and JE, J% and J§ are REE
enrichment factors relative to Cl chondrites in the bulk
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Fig. & Same as Fig. 6. REE abundances in coarse-grained inclusions CG-3 {GRosSMAN and GaNAPATHY,
1976a; GROSSMAN et al, 1977) and CG-12 {unpublished data from this laboratory) and fine-grained
inclusions 13 and 15 (NaGasawa er af., 1977) were determined by INAA.

inclusion, component 1 and component 2, respectively. We
have assigned component 2 the mean enrichment factor
of all REE in group 1 inclusions, so

JE =178, (20)
Substituting (20) into (19) and writing (19) for Sm,
I = F JP™ 4+ 178F,. 2n

Using the observed value of J°™ in the sample, J5%, and
solving {21) for J§™, we find that

_ T — 178F;

JSm
1 Fx

{22)

For each REE at a given perovskite removal temperature,
the enrichment factor in component 1 can be calculated
from Fg,, Fin and Ji™:
FE
IE =12
Fim

{23)

Substituting (22) into (23), we find that

E Sm _
JE = _{%(Js_,,, 17.SF2) (24)
F gas F 1
and substituting (24) into (19), and cancelling the F,’s
E
JE= fﬁg Jim .~ 178F;) + 178F,. (25)
gas

For each value of F, at a given perovskite removal tem-
perature, J%'s can be calculated for each REE in any inclu-
sion. The mean deviation of caiculated from observed J®'s
can be computed for Gd, Tb, Dy, Ho, Er and Lu within
any inclusion using {18). Plots of M.D. vs F, show that
there is a single minimum value of M.D. for a given per-
ovskite removal temperature, and that at the value of F,
at which the minimum M.D. occurs, calculated and
observed J*s will be equal for one of the group Gd, Th,
Dy, Ho, Er and Lu. Calculator programs to find the value
of F, at which M.D. is minimized are quite time consum-~
ing. Thus, M.D. was calculated only at the values of F,
where observed and calculated J®s matched for each ele-
ment in the above group, permitting us to find the value



Condensation and fractionation of rare earths

1625

Table 4. Comparison of fits to Tm and to analyzed REE from the group Gd, Tb,
Dy, Ho, Er and Lu. The samples are the same as those in Table 3

One-component, Two-component,
non-ideal ideal solution
solution model model

Sample M.D. D.Tmt M.D. D.Tmt
FG-13 119 —12.9* 8.8 ~13.4*
A-19 14.2 - 1.0* 15.3 —-19.1*
CG-5 1.0 -10.0* 5.3 —26.4*
B29-81 10.2 -23.1 11.0 ~36.8
B-32W 0 —34.1 0 —34.1
A-10 22.8 —38.6* 14.4 - 50.6*
37 4.6 —12.8* 5.3 —43.6*
A-21 48 —12.1* 5.1 —~52.8*

P 6.0 —46.4* 13.6 - 57.2*
4691 8.5 ~18.9 5.1 ~58.4
G, 19.7 —~11.0* 4.3 —63.2*
13 -21.6* —-67.5*
4692 134 -259 8.1 ~59.6
3598 17.1 —26.7* 8.8 -T71.1*
3643 16.2 -9.2 23 —-62.0
3803 103 —47 8.9 -72.7
CG-12 +109.6* —76.8*
15 —14.0* —81.2*
1-3 12.6 -99 10.8 —~84.3
A-2 20.6 +5.0 8.2 —68.9

Avg 114 + 1.6%

Avg 8.0 + 1.0%

Tm _ Tm
+D.Tm = (M) x 100.

J :nl'r:lp

*No Tm data available; Tm enrichment factor assumed to be equal to that of

Sm.

of F, which gave the minimum M.D. Values of F, were
calculated from the following expression, which is obtained
by solving (25) for F,:
Fg.,
Far
—_—
178 (1 - i ;)

gas

JE

Sm
Jnmp

F,= (26)

This calculation was repeated at 0.1° intervals of perovskite
removal temperature. The temperature which gave the low-
est M.D. was adopted as the model perovskite removal
temperature and model JE values were calculated from
(25), using the value of F, that gave the minimum M.D.
Values for perovskite removal temperature, F,, F, and J5™
for each inclusion are given in Table 3. The M.D. values
obtained from the two-component, ideal-solution model
are compared with those of the one-component. non-ideal
solution model in Table 4. Also compared are deviations
of calculated from observed enrichment factors for Tm,
calculated from the two models. Model enrichment factors
for each inclusion are plotted in Figs 4-8. The inclusions
contain from 0 to 30.1 wt9, of component 2. Perovskite
removal temperatures range from 1664.0 to 1677.0K, only
04° below the temperature at which perovskite first
appears.

There is another possible refractory mineral host
for the REE, hibonite. Corundum is the most refrac-
tory major mineral predicted to condense from a gas
of solar composition. Because hibonite (CaAl,,0,,)
1s found in Allende and corundum is not, hibonite
is thought to have condensed instead of corundum
(GrossMAN, 1972). Unfortunately. no thermodynamic

data are available for hibonite, so that its condensa-
tion behavior cannot be calculated in detail. In the
case of hibonite condensation, we can say, however,
that Ca sites would have become available for REE
substitution at a higher temperature than the perov-
skite condensation temperature. This would have the
effect of slightly increasing the removal temperatures
relative to those calculated for perovskite.

Alternative enrichment factors for component 2.
Values of J, other than 17.8 can be used in two-com-
ponent models, but, for each inclusion, there is a
lower limit to this enrichment factor. This lower limit
can be calculated by application of the following use-
ful property of the two-component model: the
amounts of any rare earth element in components 1
and 2 are constants (L, and L,) and are equal to the
products of weight fractions (F, and F;) and enrich-
ment factors (J, and J,) for each component,

Ly=FJ,and L, = F,J,. 27

The lower limit to J, for each inclusion can be found
by calculating L, for any REE using the model value
of F, and J, = 17.8 and then caiculating J, for
F, = 1. The minimum enrichment factor for com-
ponent 2 in group II inclusions with non-zero
amounts of this component ranges from 0.11 to 5.36,
relative to Cl chondrites. The minimum enrichment
factor for component 2 is higher than the enrichment
factor of bulk Allende, 2.0, in 4 out of 20 inclusions
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Fig. 9. In the one-component, non-ideal solution model with ys,, = 1 at all temperatures, yi,/Ysm.

which is calculated from the slope of the log y vs ionic radius function, must rise sharply and irregularly

with decreasing perovskite removal temperature. This drastic change in the solid soiution behavior

of the REE host mineral over a narrow temperature range provides the strongest evidence against
one-component REE condensation models.

modelled, so that component 2 cannot be identified
with matrix contamination in at least these 4 inclu-
sions. We will return to the problem of the identity
of component 2 later.

A consequence of models with large fractions of
component 2 is that as F, approaches 1, F, becomes
very small and enrichment factors in component 1
become very large. This means that component 1
could be a trace mineral that contains REE as major
constituents and has a fractionated REE pattern. A
trace mineral host for the REE is permitted by the
existing analyses of mineral separates of a group II
inclusion by NaGasawa et al. (1977), since such a
phase may be a contaminant in ail density fractions.

Other refractory elements in component 2. If the gas
from which group II inclusions condensed experi-
enced removal of perovskite, elements more refractory
than perovskite should also have been removed and
the concentrations of these elements in group II inclu-
sions should be controlled by the amount of com-
ponent 2. Zr, Hf, Ir and Re are the only elements
more refractory than perovskite that have been ana-

lyzed in group II inclusions. All of these elements
are strongly depleted in group II inclusions, but insuf-
ficient data exist for all but two of them, Zr and Ir,
to search for relationships between refractory trace
element abundances and the fraction of component
2. Plotted in Fig. 10 is the Zr content of group II
inclusions vs the Sm content calculated to be due
to component 2. If the enrichment factor relative to
ClI chondrites for Zr in component 2 is the same as
that for' REE, the inclusions shouid lie along a line
whose slope equals the Zr/Sm ratio in Cl chondrites
and whose intercept is at the origin. Examination of
Fig. 10 shows that all group II inclusions for which
data exist plot near this reference line, so that Zr
and REE are enriched to the same degree in com-
ponent 2. GROSSMAN et al. (1977) found that Zr and
REE are equally enriched relative to Cl chondrites
in both individual and the mean of all coarse-grained
inclusions. Plotted in Fig. 11 is the Ir content of
group II inclusions vs the Sm content due to com-
ponent 2. If the enrichment factor for Ir in component
2 is the same as that for REE, the inclusions should
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Fig. 10. Zr and Sm are enriched by the same amount relative to Cl chondrites in component
The Zr content of Cl chondrites was taken from GANAPATHY er al. {1976).

Fig. 11. Ir and Sm are both enriched, but by variable amounts relative to Cl chondrites, in component
2. The Ir content of Cl chondrites was taken from KRAHENBUHL et al. (1973}
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lie along a line whose slope equals the Cl Ir/Sm ratio
and whose intercept is at the origin. Examination of
Fig. 11 shows that many fine-grained group II inclu-
sions lie near the reference line, but two coarse-
grained group II inclusions lie far from the line, on
the low Ir side. It is noted, however, that the mean
Ir and Sm contents of these inclusions plot very close
to the line, particularly when the coarse-grained
group II inclusions are ignored. This is again remi-
niscent of the behavior of these two elements in
coarse-grained inclusions in which GROSSMAN et al
(1977) found that Ir and Sm are often highly frac-
tionated from one another relative to Cl chondrites,
even though they are unfractionated in the mean of
all such inclusions. On the average, component 2
is thus seen to be uniformly enriched in REE, Zr
and Ir. There are only two known types of objects
in Allende which have this characteristic: coarse-
grained inclusions (GRrRossMAN and GANAPATHY,
1976a; GROSSMAN et al., 1977) and amoeboid olivine
aggregates (GROSSMAN et al., 1979). Since olivine has
not been reported in any group II inclusion, coarse-
grained inclusions remain as the only recognized can-
didate for component 2.

Two-component, ideal solution model with unadjusted
thermodynamic data. We have used thermodynamic
data adjusted to fit B-32W to model group II inclu-
sions in this section. Examination of Table 2 shows
that the adjustments made to AG’s for Gd, Tb, Dy,
Er and Lu are very small and that only for Ho were
significant adjustments made. Had we used unfitted
thermodynamic data to model group II inclusions,
the perovskite removal temperatures would have been
nearly the same and the M.D. values would have been
somewhat larger because we would have consistently
over-estimated the enrichment factor for Ho. Thus,
although adjustment of thermodynamic data im-
proves the fit of the two-component, ideal solution
model, it is not essential to its success.

Two-component, non-ideal solution models

Non-ideal solid solution of REE in perovskite is
permissible if the relationship between activity coeffi-
cient and ionic radius does not change drastically
with temperature. We have investigated one such two-
component model in which the ionic radius vs activity
coefficient relationship is invariant with temperature,
activity coefficients of the light REE are unity and
log v increases linearly with ionic radius from Sm
to Lu. In order to model Tm in B-32W as closely
as possible while retaining a linear relationship
between log y and ionic radius, yy, and y,, must be
as high as possible. This situation is achieved by
adjusting AG, and AG, for Ho and Lu so that they
are as refractory as possible within the error bounds
derived previously. Using these newly-adjusted AG,
and AG, values for Ho and Lu, we determined the
temperature at which the log y vs ionic radius re-
gression line through the yy, and y., values required
to fit B-32W passed through ys, = 1, 1672.0K, by
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a trial and error method similar to that used in the
one-component, non-ideal solution model. In this
particular model, y.,/ysm = 169, a value that would
be compatible with perovskite-liquid partition experi-
ments if /s, = 1 in the liquids employed. We then
calculated y's for Gd, Tb, Dy, Er and Tm from the
regression coefficients. Using these y’s, we adjusted
AG, and AG, for Gd, Tb, Dy and Er such that FE,/
F32 calculated from AG,, AG, and y matched exactly
the FL,/Fin value of B-32W. The AG, and AG,
values for Tm were adjusted by the maximum amount
allowed by the error bounds, but an exact match
between observed and calculated Tm enrichments in
B-32W could not be achieved. The adjustments to
the free energies for this model are given in Table 2.
A new set of FE, /F3™ values as a function of tempera-
ture was calculated from y5, AGY and AGE using (11)
and (12) for use in determining perovskite removal
temperatures of other inclusions. Assuming that com-
ponent 2 was uniformly enriched in all REE by a
factor of 17.8, model enrichment factors and values
for F,, F,, J, and M.D. were calculated in each group
II inclusion in exactly the same way as in the two-
component, ideal solution model. The predicted
enrichment factors were almost exactly the same as
those of the two-component, ideal solution model, the
only differences being that slightly higher enrichments
of Tm were predicted. The range of perovskite re-
moval temperatures was wider and extended down to
~1600 K. The amount of component 2 in each inclu-
sion was the same, so that the correlations between
the Sm content caiculated to be due to component 2
and Zr and Ir were the same. Two-component, non-
ideal solution models in which different functional
relationships between y and ionic radius are used will
also give almost exactly the same fits as the two-com-
ponent, ideal solution model, as long as y does not
vary with temperature and AG’s are adjusted within
their error bounds to fit B-32W. Since the results of
two-component, non-ideal solution models give only
slightly better fits to Tm than those of the two-com-
ponent, ideal solution model and the former models
require larger adjustments to AG, and AG, than are
required by the latter {Table 2), we continue to favor
the two-component, ideal solution model.

Condensation of Eu and Yb

Both group II and group Il inclusions contain
large negative Eu and Yb anomalies relative to the
light REE. In each inclusion, the magnitude of the
Eu anomaly is similar to that of the Yb anomaly.
In the few remaining inclusions whose heavy REE
patterns resemble those of group II inclusions,
referred to here as group IIA inclusions, Eu is
enriched relative to the light REE by about the same
amount as Yb. The correlation between Eu and Yb
anomalies can be seen in Fig. 12, where CI chondrite-
normalized Eu/Sm and Yb/Sm ratios are plotted.
Group II and group III inclusions probably had simi-
lar condensation histories, with the major difference



Condensation and fractionation of rare earths

1629

13 T T T

@ Group !l inclusions
16 F A Group lll inclusions
14F

o
r

Eu/ Sm relative to Cl chondrites
s 3

o
o

0.4

0 02 04 0.6

\Z\Eu /Yb in Ci chondrites

1 Model 2, with error bounas |

(2] 1.0 12 1.4 1.6

Yb/Sm relative 1o Cl chondrites

Fig. 12. Group II and III inclusions do not fall along the condensation trajectories for models 2
and 3 in a gas of solar composition.

being that the gas from which the group III inclusions
formed did not experience removal of early conden-
sates including perovskite and trace elements more
refractory than perovskite. Eu and Yb are more vola-
tile than the other REE and probably did not con-
dense completely when group II and III inclusions
condensed.

An excellent correlation between Eu/Sm and
Yb/Sm ratios can be seen in Fig. 12. For the 34 inclu-
sions that can be recognized as being members of
group IL IIA or III, the correlation coefficient is
+0.913 which is significant at greater than the 99.9%
level. The slope of the correlation is nearly the same
as the Eu/Yb ratio of Cl chondrites, with Eu/Sm and
Yb/Sm ratios ranging from near zero to greater than
those of Cl chondrites. Also plotted in Fig. 12 are
condensate composition trajectories calculated for
ideal solid solution of REE in perovskite, model 2,
and for a non-ideal solid solution model, model 3,
in which the perovskite activity coefficients are those
used in the two-component, non-ideal solution model
described in detail, above. Data for the inclusions do
not lie along either condensation trajectory.

The behavior of Yb cannot be explained if the in-
clusions condensed from a gas of solar composition
with the REE in either ideal or moderately non-ideal
solid solution. The inclusions have JY®/J*™ ratios as
low as 0.026, while the JY®/J5™ ratio of condensates in
which REE have dissolved in ideal solid solution is

greater than 0.064 at all temperatures. If the activity
coefficients of model 3 are used, lower JY®/J5™ ratios
will result, but J¥/J5™ ratios of less than 0.026 will be
obtained only when F37, is less than 0.67. Since the
large amounts of spinel and volatile lithophile ele-
ments in fine-grained inclusions indicate near total
condensation of Sm, moderately non-ideal solid solu-
tion condensation calculations will not explain the
data either. Low JY®/J5™ ratios in the condensate with
near total condensation of Sm can be obtained if
YLu/Ysm Tatios of greater than 100 are used, but we
have shown that such large relative activity coeffi-
cients are unreasonable.

A more reasonable explanation is that the inclu-
sions formed in a gas of somewhat more reducing
composition than that of the standard solar gas.
There are conditions under which the oxygen partial
pressure is considerably lower, yet the major conden-
sate phases are still oxides and silicates: C/O ~0.9
rather than C/O = 0.55 (solar composition). The
dominant condensation reaction for Yb is

2Yby) + 304 2 Yb03 (R-6)
while that for all other REE except Tm is
2Ln0g, + Oy = Ln,0;5,. (R-7)

Thus, if the gas composition becomes more reducing,
(R-6) will be driven more strongly to the left than
(R-7) will be and Yb will become more volatile rela-



1630

tive to Sm. Under these compositional conditions,
low JY?/J5™ ratios with high degrees of condensation
of Sm will be permitted for a condensate in which
REE dissolve in ideal solid solution. As discussed
later in the paper, condensation from a reducing gas
also provides much better agreement between calcu-
lated and observed Tm abundances, without affecting
the degree of fit to the other REE.

Using this idea, there are two possible explanations
for the correlation seen in Fig. 12. The first is that
virtually no Eu and Yb condensed with the rest of
the REE in component | and that both elements con-
densed totally in a volatile-rich component which
brought in Eu and YD later. The second is that the
condensation temperatures of the inclusions are so
low that the data plot near the condensation trajec-
tory for component 1. If the C/O ratio were just right,
the condensation trajectory could be coincident with
the Cl chondrite Eu/Yb ratio reference line on Fig. 12.
A wider range of C/O ratios would be permitted if
Eu and Yb entered the inclusions in a separate vola-
tile-rich component. We will model REE condensa-
tion from reducing gases in detail in a future paper.

CONCLUSIONS

Comparison of REE condensation models

Now that we know the properties of the one-com-
ponent, non-ideal solution {model 1), two-component,
ideal solution (model 2) and two-component, non-
ideal solution (model 3) models, we will summarize
their advantages and disadvantages.

Thermodynamic quantities. Model | requires ac-
tivity coefficient ratios for solid solution of heavy
REE in perovskite or any other host phase to change
rapidly and irreguiarly with temperature. y,,/ys,, for
perovskite must increase by a factor of 400 over a
20° temperature range and must differ by as much
as a factor of 20 to match different inclusions with
virtually identical perovskite removal temperatures.
Furthermore, perovskite-liquid partition coefficient
experiments do not support y,./ys, values substan-
tially greater than 20, while some inclusions require
YLw/Vsm Values well over 100 to be fit by model I.
Models 2 and 3 make no such excessive demands
on the laws of thermodynamics, since they use a
single, consistent set of free energies and activity coef-
ficients to model all group II inclusions. The adjust-
ments to free energies required to fit one inclusion,
B-32W, are smaller in model 2 than in model 3.

Accuracy of fit to Gd, Tb, Dy, Ho, Er and Lu.
Models 2 and 3 have virtually identical values of
mean deviation (18) for every group II inclusion
modelled. The mean deviations for models 1 and 2
are compared in Table 4. The mean deviations, aver-
aged over 17 inclusions, are 114 + 1.6%, and
8.0 + 1.0%; for models | and 2, respectively. Examin-
ation of Table 4 shows that the larger average M.D.
for model 1 is not caused by a single inclusion with
a large M.D,, but rather because model 2 very com-
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monly provides better fits than model 1. Thus, models
2 and 3 are generally superior to model 1 in their
ability to accurately predict enrichment factors for
Gd, Tb, Dy, Ho, Er and Lu when large numbers of
inclusions are modelled.

Other refractory elements. Both models 2 and 3 pre-
dict that there will be a correlation between the con-
centrations of elements more refractory than perov-
skite and the amount of Sm due to component 2.
Furthermore, these models predict that the ratios of
these refractory elements to the amount of Sm due
to component 2 should be similar to the abundance
ratios of these elements to Sm in Cl chondrites.
Model | predicts that elements more refractory than
perovskite will not be present in group II inclusions.
The fact that these refractory elements are present
in group II inclusions in the amounts predicted by
models 2 and 3 argues strongly in favor of the latter
models.

Tm anomalies. All three REE condensation models
under consideration consistently underestimate "the
enrichment factor for Tm (Table 4). Model 1 predicts
higher Tm enrichment factors than do models 2 and
3 and would predict still higher Tm enrichment fac-
tors if ys, values greater than unity were used.
Although correct Tm enrichment factors are calcu-
lated for some inclusions when yg, values greater
than unity are used in model 1, incorrect values
would be calculated for the remaining inclusions.
Models 2 and 3 predict that Tm has a volatility
slightly less than and slightly greater than that of Gd,
respectively, while group II inclusions behave as if
Tm was considerably more volatile than Gd. Thus
model 3 is slightly better than model 2 in its ability
to model Tm, but neither is satisfactory.

We have considered three alternative explanations
for the Tm anomalies. (1) Some nuclear process couid
have produced excesses compared to Cl chondrites
in monoisotopic Tm relative to other REE isotopes
in the region where the group II inclusions formed.
This explanation is extremely unlikely, because
nuclear effects of the magnitude necessary to produce
the Tm anomaly would produce substantial isotopic
anomalies in polyisotopic REE. REE isotopic anom-
alies have been found in two Allende inclusions, but
the anomalous isotope ratios deviate from normal
abundances by less than 19, (McCuLLOCH and Was-
SERBURG, 1978a,b; LUGMAR et al., 1978). Further-
more, nuclear production of excess Tm would not
be expected to produce the consistently chondritic
Tm/Sm ratio in group II inclusions. (2) There is a
large error in the thermodynamic data for Tm. There
is no support for this hypothesis other than the inabi-
lity of three REE condensation models to correctly
predict Tm concentrations in group II inclusions. (3)
The group II inclusions did not form in a gas of solar
composition. A preliminary investigation has shown
that under reducing conditions, Tm becomes more
volatilé relative to the other heavy REE for the same
reason that Yb becomes more volatile, i.e. Tm con-
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denses predominantly according to a reaction of the
same form as (R-6). This appears to be the most likely
explanation for the Tm anomaly, especially since such
gases also ailow explanation for the behavior of Yb.
REE condensation from non-solar gases will be inves-
tigated in detail in a separate paper.

Alternative models to explain REE patterns in group
Il inclusions. In this paper, we have examined in
detail equilibrium condensation models to explain the
REE patterns of group II inclusions and found that
a minimum of two REE-bearing condensate com-
ponents are required. One non-equilibrium condensa-
tion model, in which perovskite condensed extremely
rapidly was investigated by Boynton (1975). In this
model, only the outer surface of the perovskite is in
equilibrium with the gas, so that the heavy REE pat-
terns are more fractionated than those in a model
in which the entire crystal is in equilibrium with the
gas. Boynton found that in order to fit G, with this
non-equilibrium model, the relative activity -coeffi-
cients would have to be twice as large as those for
the equilibrium model. Since the problem in model-
ling group II inclusions is to explain why their heavy
REE patterns are less fractionated than is indicated
by equilibrium condensation with ideal solution, non-
equilibrium models of this sort are not likely to lead
to a solution of the problem. Other models can be
envisioned in which the REE patterns of these inclu-
sions are controlled by other non-equilibrium effects,
such as variable diffusion rates of REE in condensate
minerals, or by different thermodynamic properties
of trace elements condensed on the surfaces of grains,
but we have not investigated such models in detail.

Implications of the two-component model. By apply-
ing a thermodynamically reasonable model to the
group 1I inclusions, we have found that removal of
perovskite took place over a surprisingly narrow tem-
perature range, that the gas-solid fractionations that
affected the REE patterns of these inclusions probably
took place in a gas of reducing composition and that
at least two REE-bearing components are present in
these inclusions. GROSSMAN et al. (1979) found that
a component uniformly enriched in all refractory ele-
ments was necessary to explain the abundances of
these elements in amoeboid olivine aggregates and
supported the suggestion of GrROSSMAN and STEELE
(1976) that small fragments of coarse-grained inclu-
sion material were present. We have now found that
a similar refractory element-rich component is necess-
ary to explain the REE patterns of group II inclu-
sions. Thus, there seems to be a component, which
may consist of fragments of coarse-grained inclusions,
that contaminates lower temperature assemblages in
Allende. We are searching for petrographic evidence
for this component in fine-grained inclusions.

GROSSMAN et al. (1979) pointed out how the pres-
ence of both coarse- and fine-grained inclusions in
Allende meant that the parent body of this meteorite
sampled materials that condensed from separate
nebular reservoirs. This was based on the fact that
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REE patterns of coarse-grained inclusions require
total condensation of REE without f{ractionation
while those of fine-grained inclusions require conden-
sation after prior removal of the most refractory REE.
The two-component model discussed in the present
paper implies that at least some of this mixing
occurred during formation of individual inclusions,
prior to assembly of the Aliende parent body. In fact,
we now suspect that even the fine-grained inclusions
themselves contain the two REE-bearing components
which GROSSMAN et al. (1979) thought dominated the
bulk Allende REE pattern. We cannot rule out the
possibility that the two components present in the
group II inclusions condensed from gases of different
composition. The presence of rims on coarse-grained
inclusions (WARK and LOVERING, 1977) also seems to
imply inclusion formation by mixing of components
which condensed from different reservoirs. Here
again, gases of different composition may have been
involved.
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