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The abundance and relative volatility of refractory trace elements in Allende

Ca,Al-rich inclusions: implications for chemical and physical processes

in the solar nebula
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We have determined the relative volatility of lithophile refractory trace elements (LRTE) in the solar nebula by first
calculating 50% condensation temperatures for 26 LRTE oxides (assuming ideal solid solution in perovskite and, where
appropriate, in hibonite and melilite). The measured abundances of 25 LRTE and six siderophile refractory trace
elements in 97 Group I, 11, 111, and V Allende Ca,Al-rich inclusions (CAI’s) and in ultra-refractory inclusions then are
used to empirically modify LRTE and refractory siderophile volatility sequences that are based on condensation
temperatures alone. Sc is significantly less depleted in Group II Allende CAT’s than are other LRTE (e.g.. Zr; Hf: Y)
that also have very high oxide condensation temperatures; Ba, Sr, and Eu (three moderately volatile LRTE) are
significantly more enriched in Ca-rich Group II and Group III Allende CAT’s than they are in spinel-rich varieties of
these inclusions. We explain these observations and several others by invoking dust fractionations, andgcrystal-chemical
and diffusion effects during the formation of Allende CAI’s that overprinted volatility based on solid/gas reactions
alone. For example, we show that hibonite probably was not the carrier of the super-refractory lithophile component
that is missing from Group II Allende inclusions. Anomalous Hf depletions (relative to Zr and Y) that are common in
Group I, III, and V Allende CAI’s can be partly explained if Anders and Ebihara [38] overestimated the cosmic
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abundance of Hf by approximately 10%.

1. Introduction

Ca,Al-rich inclusions (CAI’s) in the Allende
CV3 chondrite are highly enriched (relative to
chondritic abundances) in the lithophile and
siderophile refractory trace elements {[1]. These
enrichments are evidence that the chemistry of
CAUI’s was established at high temperatures in the
solar nebula [2,3]. The refractory trace-element
abundance patterns in Allende CATI’s also provide
valuable information about chemical and physical
processes in the regions of the solar nebula where
the inclusions formed. For example, it has been
suggested that the highly-fractionated Group II
REE patterns in some CAI’s are due to inter-
rupted, multistage condensation processes in the
solar nebula [4], and that Mo and W depletions
indicate that the refractory siderophiles in CAI’s
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commonly were processed at high temperatures in
relatively oxidized regions of the solar nebula [5].
Additional, albeit incompletely understood. infor-
mation about nebular processes is provided by the
other REE patterns in CALD's [6].

In this paper, we first determine average refrac-
tory trace-element abundances in approximately
100 Allende inclusions. We then develop a relative
volatility sequence for 26 lithophile refractory trace
elements (LRTE) that is based on 50% con-
densation temperatures that we calculate, assum-
ing ideal oxide solid solution in perovskite and
(where appropriate) hibonite and melilite. We sub-
sequently use the trace-clement abundance pat-
terns in Allende CAT’s and ultra-refractory inclu-
sions to empirically modify our calculated LRTE
volatility sequence. Finally, we discuss the impor-
tance of crystal-chemical effects, diffusion con-
straints, and grain transport for the origin of the
trace-element chemistry of Allende CAT’s (which
have important implications for chemical and
physical processes in the solar nebula).
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2. Methods

2.1. Refractory trace-element abundances

Trace-element abundances were compiled from
all available sources [1,6-18] for 51 Group I and
V CAT’s, 12 Group III CAI’s, and 34 Group II
CAT’s. Group I and V CATI’s have relatively flat
REE patterns, Group I1I CAI’s have flat REE
patterns except for negative Eu and Yb anomalies,
and Group Il CAI’s are relatively depleted in Eu
and the heavy REE (excluding Tm) [16]. We fur-
ther subdivided Group II and Group III CAI’s
into two broad types: Ca-rich and Ca-poor. The
Ca-rich inclusions comprise the melilite-rich Type
A, fassaite-rich Type B, and plagioclase-rich Type
C CAI's [3,18]; they typically are relatively
coarse-grained. The Ca-poor inclusions include
spinel-rich Type F aggregates [18], and Type 2 or
Type 3B inclusions [19]; they typically are rela-
tively fine-grained.

Sources of potential error in our compilation of
published abundance data are the errors due to
sampling heterogeneous CAI’s, and to systematic
differences in the analytical techniques and stan-
dards used by different laboratories. We evaluated
the magnitude of these errors by comparing
analyses of the same inclusion reported by differ-
ent laboratories. Tanaka and Masuda [7] and Ma-
son and Taylor [16] each measured the abun-
dances of nine REE and Ba in the Group III CAI
3529-0: their results differed by <20% for all
elements except Sm (21.4%). Mason and Martin
[6] and Conard [10] each measured the abun-
dances of 13 REE, Hf, and Ba in the Group I CAI
3898: their results differed by < 20% for all ele-
ments except Er (22.2%), Ho (27.5%), and Ba
(29.4%). This comparison of inter-laboratory
analyses of the only Allende inclusions included in
our compilation for which data from more than
one laboratory are available suggests that sys-
tematic errors between laboratories typically are
not very large.

Another source of error is the relative precision
of the trace-element abundance measurements. For
example, Wanke et al. {1] estimated that the + 1o
standard deviations in their abundance measure-
ments were 20% for Nb, Ce, Gd, and Ta; 15% for
Y; and 10% or less for 15 other LRTE and six
refractory siderophiles in a Group I Allende CAL
In this paper, the magnitudes of important chem-

ical patterns, anomalies, and features we discuss in
all cases are greater than the lo standard devia-
tions in relative analytical precisions for the trace
element(s) of interest.

We encountered a problem using literature data
to determine the absolute abundances of refrac-
tory siderophiles in spinel-rich Group II Allende
inclusions. Mason and Taylor [16] and H. Palme
(unpublished) each measured the abundance of
two or more refractory siderophiles in five spinel-
rich Group II inclusions. In four of these CATI’s, Ir
concentrations range from 0.34 to 0.87 ppm (i.e.,
~ 0.7-1.8 X chondritic levels), and the other re-
fractory siderophiles analyzed typically occur at ~
0.2-2.0 X chondritic levels. In sharp contrast, Ir
occurs at a concentration of < 0.30 ppm in all 11
spinel-rich Group II Allende inclusions analyzed
by Conard [10], Grossman and Ganapathy [12],
and Nagasawa et al. [13]. Unfortunately, none of
the other refractory siderophiles were analyzed in
the.11 Ir-poor CAI’s, but we consider it very likely
that all refractory siderophiles are significantly
more depleted in them than in the five inclusions
analyzed in more detail by Mason and Taylor [16]
and H. Palme (unpublished). But because we were
primarily interested in comparing enrichment
trends among al/ refractory siderophiles in the
various types of Allende inclusions, we used only
data from the five spinel-rich Group II inclusions
in which two or (generally) more refractory
siderophiles were analyzed. Although the rela-
tively high concentrations of refractory sider-
ophiles in the Group II inclusions we used could
simply be due to contamination by metal-bearing
meteorite matrix (H. Palme, personal communica-
tion, 1984), we discuss why we do not support this
interpretation in section 5.1.

2.2. Lithophile refractory trace element con-
densation calculations

The relative volatilities of 26 LRTE were
calculated for a large range of temperatures and
pressures by computing the 50% condensation
temperatures for ideal oxide solid solution in per-
ovskite, which was adopted as a baseline model
for several reasons: (1) perovskite probably is an
important host for many LRTE in Allende CAT’s;
(2) this model allows easy comparison of the 50%
condensation temperatures of the LRTE, refrac-
tory siderophiles, and major elements; and (3)



ideal solid solution provides a convenient starting
point for investigating crystal-chemical effects on
the relative volatility of LRTE. We also calculated
the 50% condensation temperatures for selected
LRTE in hibonite and melilite (see sections 3 and
5.2). Furthermore, we studied the effects of varia-
ble (assumed) activity coefficients on the con-
densation of selected LRTE in perovskite, since
activity coefficients are not known for the relevant
LRTE solid solutions in perovskite or other poten-
tial CAI host phases. Our condensation calcula-
tions should be very useful for evaluating models
of the origin of Group II inclusions, some of
which require the removal or isolation of refrac-
tory dust grains from nebular gas at very specific
temperatures {20,21].

Thermodynamic data sources. Approximately 150
gaseous and solid compounds of 26 LRTE were
included in the calculations. All of the compounds
considered and the thermodynamic data sources
used are listed in Table 1. The necessary equi-
librium constants used in the calculations either

TABLE 1
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were taken directly from standard compilations or
were calculated by the Third Law method (de-
scribed in the JANAF Tables). Equilibrium con-
stants for REE monoxide gases were calculated
using Gibbs energy functions from E. Murad (per-
sonal communication, 1984) and enthalpies in
Murad and Hildenbrand [22], who showed that
their revised REE monoxide gas thermodynamic
data are in better accord than older data with
changes in the 4f"6s> —> 4f"~15d6s® electronic
promotion energies in the gaseous metal atoms.
We fit the equilibrium constants for most com-
pounds in Table 1 to linear equations of the form
log,, K=A/T+ B, where K is the equilibrium
constant for formation from the elements in their
respective reference states. However, we used
quadratic or cubic equations for log,, K when
necessary. We also made proper allowances for
changes in the elemental reference states when
fitting these equations.

Method of calculation. The solid solution of LRTE
oxides in perovskite, hibonite, And melilite was

Thermodynamic data sources for compounds included in the calculations

Data source Compounds
Gases
JANAF [5] * Zr, Z10, ZrO,, Ta, TaO, TaO,, V, VO, VO,, Nb, NbO, NbO,, Ba, BaO, BaOH, Ba(OH),, BaS, BaCl,

BaCl,, BaF, BaF,, Sr, SrO, StOH, Sr(OH),, SrS, SrCl, 8rCl,, SrF, SrF,

Hultgren et al. [5] *
Murad (unpubl.), Murad
and Hildenbrand [22]

Mignanelli et al. {23] CeO, CeO,

La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu
LaO, PrO, NdO, SmO, Eu0, GdO, TbO, DyO, HoO, ErO, TmO, YbO, LuO

Kordis and Gingerich [24] Ce,0,, Gd,0,, Gd,0, Tb,0,, Tb,0, Ho,0,, Ho,0, Eu,0,, Eu,0, Lu,0

Glushko et al. [25]
Ackermann and

Chandrasekharaiah [26] U, UO, UO0,, UO;, Th, ThO, ThO,

Solids

Robie et al. [5] #
Gschneidner et al. [27]

BaH, SrH, La,0, La,0,, Pu, PuO, PuO,, Sc, ScO, Sc,0, Sc,0,, Y, YO, Y,0, Y,0,. Hf, HfO, HfO,

La,0,, Pr,0;5, Nd,0;, Sm,0;, Eu0, Eu,0,, Gd,0,, Tb,0;, Dy,0;, Ho,0;, Er,0;, Lu,0,
Ce0,, Ce, 03, Eu;304, Tm,0,, Yb,0,

JANAF [5] * NbO, NbO,, Nb,Oq, VO, V,0;, V,0,, V,04, Ta,0s, BaO, S1O
Ackermann and uUo, UO,, U,0,, ThO,

Chandrasekharaiah [26]

Glushko et al. [25] UO0,, U;04, U Oq, PuO,, Pu,0,, Y,0;, HfO,

Pankratz [28] PuO, Sc,0,, ZrO,

Kelley [5] *

Parker et al. [29]
Levitskii et al. [30]
Odoz and Hilpert [31]

SrTiO;, Sr,TiO,, BaTiO,, Ba,TiO,

SrZrO,
BaZrO,

CaZrO,, StTiO,, Sr,TiO,, BaTiO,, Ba,TiO,, BaZrO,, StZr0,

? Original reference can be found in Fegley and Palme [5].
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calculated using the multicomponent gas-solid
chemical equilibrium program METKON [5] ex-
panded by B. Fegley, Jr., H. Kruse, and H. Palme
to include LRTE condensation. The calculations,
which were performed in a way analogous to that
first described by Boynton [4], can be illustrated
with an example for Sm.

The vapor-solid equilibrium for Sm can be
written as:

SmO(g) + $H,0(g) = SmO, 5(s) + 3H,(g) (1)

and the partial pressure of SmO(g) in equilibrium
with a solid phase containing SmO, ;5 is given by:

Ps0(g) = [a(smol.s)/Kl][PHZ/Pnzo]I/Z (2)

where a(SmO, ;) is the activity of SmO; 5 in the
solid and K, is the equilibrium constant for equa-
tion (1). The partial pressure of SmO(g) in the
nebula is given by:

Psmo(neb) = [A(Sm)/A(H2 + He)]

X Bsmo(l = &g ) Py (3)
where A4(Sm) and A(H, + He) are the cosmic
abundances of Sm and H,+ He, B, is the
fraction of Sm in the gas present as SmO, ag,, is
the fraction of total Sm condensed in the solid

phase, and P, is the total nebular pressure. At
equilibrium:

Ps0(8) = Pspno(neb) (4)
and the fraction of Sm condensed is given by:
,_a(sm0,y) ( Py, | _A(H, + He)
e =1-—
Sm K, Py.0 A(Sm) B0 Pr

(5)

Assuming the perovskite is the host phase for Sm,
the activity of SmQ, 5 in perovskite is given by:

a(Smo, 5) = 'y(SmOI.S)X(SmOI'S) (6)
where:
X($m0, ) = — 2o A0 o ™)

an A(Ti) + Za,A(i)

a; A(Ti) is the amount of perovskite condensed
and f,, is the fraction of Sm in perovskite present
as SmO, ;. (If no other solid Sm species are con-

sidered, fg,=1.) The summation in the de-
nominator of equation (7) accounts for the
amounts of all other LRTE dissolved in per-
ovskite, but this term can be neglected because of
the much smaller abundances of the LRTE rela-
tive to the abundance of Ti. Combining equations
(5) and (7) yields an expression for ag,,:

A(H, + He) [ Pu, "

ar; A(Ti)

ag, = |1+

PHZO

X'Y(Smol.s) fsm 1

K—I :BSmO PT (8)

From equation (8) it is apparent that the fraction
of Sm (or any other LRTE) condensed is indepen-
dent of its abundance. Similar equations were
written for the other LRTE, taking into account
the appropriate changes in stoichiometry for con-
densation of solid monoxides, dioxides, pento-
xides, and so forth. One such equation is required
for every LRTE oxide in perovskite.

Before solving these equatidns, we calculated
several input parameters. The fraction of Ti con-
densed as perovskite (a ;) was calculated from
major-element condensation calculations [32]; the
H,/H,O ratio also was obtained from those
calculations (or can be varied appropriately to
study condensation at oxygen fugacities other than
the canonical solar nebular value). Solid oxide
activity coefficients (y’s) were set equal to 1 (un-
less stated otherwise). The equilibrium constants
equivalent to K, were calculated from the thermo-
dynamic data in Table 1 and JANAF data for
H,O(g). The 8 values for SmO, other monoxides,
and all gaseous oxides of the LRTE were calcu-
lated from detailed consideration of the gas phase
equilibria using the method described by Fegley
and Palme [S]. The f values for SmO, ;(s) and all
LRTE solid oxides were calculated from mass
balance constraints (i.e., the sum of fractions of all
oxides of a given element = 1) and the activities of
the pure oxides at the particular temperature,
pressure, and oxygen fugacity. Because gas phase
and gas-solid equilibrium calculations are coupled,
the two sets of calculations were performed
simultaneously using iterative techniques. As an
internal check on the calculations, all possible



paths for condensation of a single oxide were
calculated, for example:

Ce(g) + %HZO(g) = Ceol.S(s) +3H,(g) (9)
CeO(g) + $H,0(g) = CeO, 5(s) + 3H,(g)  (10)
CeO,(g) + 3H,(g) = CeO, 5(s) + $H,0(g) (11)

These internal checks always gave identical re-
sults, indicating that no errors were present in the
METKON code and that the thermodynamic data
set was internally consistent.

3. 50% oxide condensation temperatures

The calculated 50% oxide condensation temper-
atures for the 26 LRTE included in the calcula-
tions are shown in Table 2. The temperatures are
for the ideal solid solution in perovskite baseline
model, and are tabulated at 103, 107°, and 10~°
bars total pressure for comparison with the calcu-
lated 50% condensation temperatures of refractory
siderophiles at these pressures in Fegley and Palme
[5].

The most refractory oxides at all pressures con-
sidered are ZrO,, HfO,, Sc,0,, and Y,0,, which
also are the only oxides to consistently condense
as pure phases before perovskite forms at 1676 K
(1072 bars), 1463 K (10 ¢ bars), or 1296 K (10~°
bars). At 107 bars total pressure, Lu,0, and
Er,0, also condense as pure phases a few degrees
above the perovskite condensation temperature.
However, the small temperature difference is
probably not significant because it lies within the
AT range corresponding to uncertainties in the
thermodynamic data for the LRTE oxides and
perovskite.

Lu,0;, Er,0;, ThO,, Ho,0,, Tb,0;, Tm,0;,
and Dy,0, are so refractory that they are > 50%
condensed in ideal solid solution in perovskite
within 1 K of perovskite condensation. Gd,0; is
only slightly less refractory. The light-REE oxides
Nd,O,, Pr,0;, Sm,0;, and La,0; have similar
volatilities, while Yb,0;, Ce,0;, and Eu,0; are
much more volatile. The stable dioxide gas CeO,
[23] is responsible for the calculated relative vola-
tility of Ce. Other REE dioxide gases (e.g., LaO,;
NdO,; GdO,; HoO,) were not included in our
final calculations because Fegley [33] showed that
the published thermodynamic data for these gases
disagree with measured vapor pressure data for

TABLE 2

Calculated 50% oxide condensation temperatures (K) for ideal
solid solution in perovskite

Oxide Total pressure (bars)

1073 10°°¢ 107°
Zr0, ® 1786 1594 1437
HfO, ? 1753 1577 1434
Sc,0, * 1724 1524 1366
Y,0, ® 1692 1499 1346
Lu,0, 1676 1463 1302
Er,0, 1676 1463 1303
ThO, 1676 1463 1296
Ho,0, 1676 1463 1296 °
Tb,0, 1676 1463 1296
Tm 0, 1676 1463 1296
Dy,0, 1675 1463 1296
Gd,0, 1674 1462 1296
uo, 1663 1437 1253
Puo2 c < <
Pu,0, } 1654 1445 1280
Nd,0, 1640 1430 1260
Pr,0, 1636 1420 1254
Sm,0, 1633 1433 1275
La,O0, 1621 1410 1247
Ta,O; 1614 1418 1265
NbO } 1609 © 1362°¢ 1190 ©
NbO,
Yb,0, 1549 1392 1263
VO C C c
V,0, } 1542 1308 1122
Ce,0, 1532 1286 1109
Eu,0, 1398 9¢ 1232¢ 1104 ¢
SrO 1275 4F 1116 ¢ 9924
BaO 1227 ¢ 1052¢ 919 ¢

? Oxide condenses as a pure phase before perovskite con-
denses at all pressures considered.

Ho,0, is more refractory than ThO, at p=10"° bars
pressure.

50% condensation temperature calculated by adding the
amounts of both oxides condensed (see text).

Calculated assuming perovskite is still present as a host
phase (see text).

50% condensation temperature of Eu,0; in melilite (assum-
ing ideal solid solution) is 1488 K.

50% condensation temperatures of SrO and BaO in melilite
(assuming ideal solid solution) are 1375 K and 1324 K,
respectively (see text).

b

o

a

-

solid REE oxides, and hence probably are incor-
rect. We did include LaO,, NdO,, GdO,, and
HoQ, in an earlier set of calculations, and we are
satisfied that the thermodynamic data are incor-
rect because the calculated volatility of these REE
totally disagrees with their abundances in Allende
CAU’s. Eu,0, is much more volatile than Yb,0, if
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ideal solid solution in perovskite is considered.
However, the calculated Eu,0,; 50% condensation
temperature (1398 K at 10 ° bars) is lower than
the temperature (1409 K) at which perovskite dis-
appears under equilibrium conditions [34]. It also
is significantly lower than the condensation tem-
perature (~ 1430 K) of the bulk of the con-
densible matter in the solar system in the form of
olivine and Fe-metal [5,34]. Thus, if Eu condensed
in ideal solid solution in perovskite, CAI’s should
not contain a significant amount of Eu unless they
also contained large amounts of olivine and Fe-
metal. Grossman et al. [14] concluded that most
Eu condensed in solid solution in melilite, and our
calculations show that at 1072 bars the 50% con-
densation temperature of Eu,O, in melilite (as-
suming ideal solid solution) is 1488 K, which is
within the calculated stability field of melilite [34].

The calculated 50% condensation temperatures
for the other LRTE also display interesting trends.
U and Pu have similar relative volatilities (inter-
mediate between those of Gd and Nd). UO, is the
only important solid U-oxide at the canonical
nebular oxygen fugacity, but Pu,0; and PuO; are
of approximately equal importance. Pu,O; 1is
slightly more refractory than PuO, at the canoni-
cal nebular oxygen fugacity; their respective 50%
condensation temperatures are 1634 K and 1620
K. Similar situations also hold for Nb and V,
elements for which two different oxidation states
are important at the canonical nebular oxygen
fugacity. The computed 50% condensation tem-
peratures for the element pairs Nb-Ta and V-Yb
are very similar, but the measured abundances of
the elements in each pair are noticeably different
in several types of Allende CAI’s (discussed in
section 4.2).

Finally, SrO and BaO are the two most volatile
LRTE oxides included in our calculations: their
respective 50% condensation temperatures for ideal
solid solution in perovskite are 1275 K and 1227
K at 1073 bars. However, Sr apparently occurs in
melilite in coarse-grained Allende CAT’s while Ba
occurs in a different phase than Sr or most other
LRTE [14]. The 50% condensation temperatures
for SrO and BaO ideal solid solution in melilite
are 1375 K and 1324 K, respectively. But these
temperatures are lower than the calculated
temperature (1438 K) at which melilite disappears
[34].

Tanaka and Okamura [35] and El Goresy et al.
[36] observed Ba-rich phases in fine-grained Al-
lende CAI’s and in an Essebi CAI, respectively;
Tanaka and Okamura [35] identified the Ba-rich
phase they observed as BaTiO,, but it has not
been reported by other groups. Neither SrTiO,
nor BaTiO, are stable as pure phases in the solar
nebula unless their activity coefficients for ideal
solid solution in perovskite are significantly larger
than 1. Fegley [37] concluded from a thermody-
namic analysis of the relevant phase diagrams that
although the SrTiO,-CaTiO; system is close to
ideality, activity coefficients of 10-20 are implied
for BaTiO,-CaTiO; solid solutions. His calculated
50% condensation temperatures for SrTiO, ideal
solid solution in perovskite and BaTiO; non-ideal
solid solution (y = 10) at 5 x 10™3 bars are 1602
K and 1500 K, respectively. If we adopt his val-
ues, Sr would be as volatile as Nb or Ta, and Ba
would be slightly more volatile than Ce. However,
because of the large difference between the 50%
condensation temperatures for Sr and Ba as oxides
in perovskite or as titanates and the possibility
that Sr and Ba condense as melilite analogs or
aluminates (such as SrAl;,0,, or BaAl;,0,,) for
which no reliable thermodynamic data are availa-
ble, we do not recommend specific values for their
condensation temperatures.

3.1. Some effects of non-ideal solid solution

Despite a decade of debate, the effect of non-
ideal solid solution on LRTE abundances in Al-
lende CAI’s remains uncertain because activity
coefficients are not available for the relevant solid
solutions. However, calculations for selected LRTE
that are based on qualitative assumptions are in-
teresting because they illustrate the relative impor-

TABLE 3

Effect of activity coefficients (y) on SrO and BaO 50% con-
densation temperatures (K)

Sr Ba
T y T
1.0 1375 1 1324
0.2 1428 2 1301
0.1 1453 S 1272
0.05 1478 10 1251
0.01 1535 25 1224




TABLE 4

Effect of activity coefficients (y) on actinide 50% condensation
temperatures (K)

yAr Th U Pu
1 1676.0 1663 1654

50 1675.4 1546 1634.5
100 1674.8 1526 1633.5
500 1670 1481 1633.5
1000 1663 1460 1633.5
5000 1630 1427 1633.5
10,000 1609 1412 1633.5

tance of crystal-chemical and volatility effects dur-
ing the condensation of LRTE.

The 50% condensation temperatures for differ-
ent SrO and BaO non-ideal solid solutions in
melilite are shown in Table 3. Table 4 presents
analogous calculations for Th, U, and Pu, which
have very similar tetravalent ionic radii of 1.12 A,
1.08 A, and 1.06 A, respectively (in VIII coordina-
tion). Very large changes in the assumed activity
coefficient for Pu** have only a small effect on the
Pu 50% condensation temperature because Pu,0,
also is refractory; the refractory nature of ThO,
similarly counterbalances very large (10% X ) in-
creases in the Th**' activity coefficient. But be-
cause UQ, is more volatile than Pu or Th and no
other valence states of U are important at the
canonical nebular oxygen fugacity, the 50% con-
densation temperature of UQO, decreases substan-
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tially as the assumed activity coefficient of U** is
increased.

4. Refractory trace-element abundances

4.1. Lithophile refractory trace elements

Mean LRTE abundances in Group I,V Allende
CATI's and in Ca-rich and Ca-poor varieties of
Group II and Group III Allende CAI’s are shown
in Fig. 1 and Table 5. The LRTE are listed in
order of increasing volatility in Fig. 1, using the
criteria and reasoning discussed below.

Super-refractory LRTE. We classify Zr, Hf, Y, and
Sc as super-refractory lithophile trace elements
because our calculations indicate they condense as
pure oxides before perovskite condenses (Table 2),
and because they generally are greatly enriched in
most ultra-refractory inclusions (i.e., CAI's with
REE patterns complementary to those in Group 11
inclusions). We believe that the relative enrich-
ments of super-refractory lithophiles in ultra-re-
fractory inclusions can be usedsto determine their
relative volatility. Hf 1s > 20 X more enriched
than Sc in the Ornans ultra-refractory inclusion
RNZ |39}, Hf and Zr each are > 5X more en-
riched than Sc in the Murchison ultra-refractory
inclusion SH-2 [20], and Hf is ~ 1.2 X more
enriched than Zr in SH-2 [20]. These abundance
data indicate that Sc is the most volatile super-re-
fractory lithophile, even though Sc is > 3 X more
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TABLE &

Average refractory trace-element abundances in Allende CAT’s (ppm) (1o standard deviations shown in parentheses) *

Group LV Group 111 Group 11
Ca-rich Ca-poor Ca-rich Ca-poor
Lanthanides
La 42 (0.72) 5.5 (1.3) 84 (3.9 72 (45) 69 (2.3
Ce 12 (1.8) 15 6.0) 20 (13) 20 (11) 18 4.8)
Pr 1.7 (0.23) 1.9  (0.4) 22 (=) 35 (L8) 29 (1D
Nd 8.0 (1.6) 10 3.7) 10 -) 18 %.9) 12 4.3)
Sm 2.4 (0.54) 3.6  (0.89) 50 (3.3) 4.1 2.1 42  (1.3)
Eu 1.1 (0.18) 0.76  (0.30) 0.36 (0.11) 0.65 (0.25) 0.31  (0.12)
Gd 35 (0.60) 48 (1.2) 46 (-) 28 (1.2) 22 (1.2)
Tb 0.63  (0.16) 0.89 (0.19) 1.1 (0.42) 0.40 (0.15) 0.39  (6.22)
Dy 4.5 (0.86) 64 (1.6) 78 (2.3) 20 (0.82) 20 (1.1)
Ho 1.0 (0.19) 1.3 (0.35) 20 (=) 0.20 (0.05) 0.13  (0.07)
Er 33 (0.67) 42  (1.0) 54 (=) 0.50  (0.33) 0.17 (0.04)
Tm 043  (0.09) 0.61 (0.20) 0.76 (-) 0.79  (0.28) 0.63  (0.22)
Yb 2.8 (0.61) 29  (1.3) 1.3 (=) 1.4 (0.36) 0.68 (0.27)
Lu 0.48  (0.08) 0.72  (0.14) - (-) 0.11  (0.04) 0.019 (0.009)
Actinides
Th 0.50  (0.10) 0.70  (0.38) 071 (-) 072 (0.16) 045 (0.26)
U 0.090 (0.029) 0.080 (0.034) 0.09 (-) 0.076 (0.049) 0.040 (0.015)
Transition metals
-
Sc 107 20 142 31 143 (-) 22 (11) 23 8.7)
v 637 (103) 180 (-) - (-) 802 (-) 66 (29)
Y 28 (1.9) 36 (11) 38 (-) 23 (1.2) 1.6  (0.76)
Zr 63 20y 101 (13) 106 -) 55 (3.0 36  (1.8)
Nb 43 (1.4) 37 A 55 (=) 22 (9) 1.3 (0.52)
Hf 1.7 (0.60) 29  (0.84) 24 (=) 0.20  (0.08) 012 ()
Ta 0.24  (0.09) 0.41 (0.08) 0.72 (-) 030 (-) 0.36  (0.10)
Alkaline earths
Sr 134 31 80 (34) 36 (-) 125 (49) 28 (13)
Ba 49 (13) 38 (14) 16 (-) 41 (16) 13 4.7)
Refractory metals
Ru 8.9 (2.5) 17 (5.9) - (-) 1.2 (0.63) 14 (0.18)
Rh 1.2 (0.41) 1.3 (0.54) - (-) 0.15 (-) 028 (=)
Re 0.56  (0.15) 1.0 (0.37) - (-) 0.013 (0.007) - (-)
Os 72 2.2) 12 3.9) - (-) 0.25 (0.02) 0.50 (0.16)
Ir 1.5 2.1) 14 (4.5) - (-) 0.30  (0.09) 045 (0.22)
Pt 10 (1.8) 15 (6.3) - -) 0.62 (-) 0.74  (0.20)

2 Excluding the anomalous trace-element abundances discussed in Appendix 1.

enriched than Zr or Y in the Ornans ultra-refrac-
tory inclusion OSCAR [40]. We believe that the
very large Sc enrichment in OSCAR is due to the
crystal-chemical affinity of Sc for clinopyroxene
(discussed in section 5.1). We also classify the
heavy-REE Lu as super-refractory because Lu and
Hf are equally enriched in RNZ [39], and Lu is
> 3 X more enriched than Sc or any other heavy
REE in SH-2 [20].

Very refractory LRTE. The 50% oxide con-
densation temperatures of Th and the heavy REE
Gd, Tb, Dy, Ho, Er, and Tm are only a few K less
than the condensation temperature of perovskite
(Table 2). We have used the relative enrichments
of these very refractory lithophiles in ultra-refrac-
tory inclusions to modify our calculated volatility
sequence for them. The heavy REE and Th abun-
dances in RNZ [39] and SH-2 [20] suggest that the



relative volatility of six of the very refractory
LRTE is Er<Ho<Tm~ Dy <Tb <Th. But
studies of Group II inclusions indicate that Tm
probably is the most volatile trace element in this
group [4,21] and our condensation calculations in
Table 2 indicate that Gd is more volatile than Dy
or Th.

Moderately refractory LRTE. The light REE La,
Pr, Nd, and Sm, the actinides U and Pu, and the
transition metals Nb and Ta have 50% oxide con-
densation temperatures greater than 1600 K at
p =107 bars (Table 2); these eight trace elements
largely condense in the temperature range in which
hibonite, perovskite, and melilite (the important
LRTE hosts in CAI’s) form or disappear by vari-
ous reactions. We have adopted the calculated
volatility sequence for the moderately refractory
LRTE in Table 2, except for the following changes:
(1) because Ce is approximately as enriched as the
other moderately refractory light REE in SH-2
[20] and Group II inclusions (Fig. 1), we assign it
a volatility slightly less than that of La; and (2)
Nb and U are significantly less enriched than the
moderately refractory light REE in Group II and
Group III Allende CATI’s (Fig. 1), indicating that
they are less refractory than these lanthanides (see
section 4.2).

Moderately volatile LRTE. The lanthamdes Yb
and Eu, the transition metal V, and the alkaline-
earths Sr and Ba have the lowest oxide con-
densation temperatures of the 26 LRTE we con-
sidered. We classify them as moderately volatile
LRTE, and add Nb and U to this group for the
reason discussed in the previous section. We have
determined the relative volatility of these seven
trace elements by also considering their abun-
dances in Allende CAI’s (Fig. 1). U and V are
significantly less enriched than the other mod-
erately volatile LRTE in Group L,V Allende CAI’s
(which are relatively unfractionated), indicating
that they are the most volatile trace elements in
this group. We have adopted the relative volatility
sequence for Nb, Yb, Eu, and Sr in Table 2, and
infer that Ba is the most refractory member of this
group because Ba is more enriched than the other
moderately volatile LRTE in Group LV Allende
CAs.
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4.2. LRTE abundances

Except for Hf (which we discuss in section 5.5)
and Ta, LRTE more refractory than U are ap-
proximately uniformly enriched to ~ 16-20X
chondritic levels in Group IV Allende CAT’s.
LRTE more refractory than Ba are approximately
uniformly enriched to ~ 24-36 X chondritic levels
in Group III CAT’s. Thus, Group 1,V CAI’s repre-
sent on average ~ 5-6 wt.% of condensible cosmic
material while Group III CAT’s represent on aver-
age only ~3-4 wt.% of condensible cosmic
material.

The moderately refractory light REE are ap-
proximately unformly enriched to ~ 30-40 X
chondritic levels in Group II Allende inclusions:
for these trace elements, Group II CAI’s on aver-
age are slightly more refractory than Ca-rich
Group Il CATI’s, and represent ~ 2.5-3 wt.% of
condensible cosmic material. The abundances of
more refractory LRTE in Group II inclusions
decrease systematically in parallel with increases
in their respective oxide condensation tempera-
tures (except for U, Tm, Th, anmd Sc). The gener-
ally smooth fractionation pattern among the su-
per- and very refractory LRTE in Group II inclu-
sions shows that the empirical modifications we
made to the calculated volatility sequence (which
generally were based on their abundances in
ultra-refractory inclusions) are valid. The super-re-
fractory lithophiles Hf, Zr, and Y are depleted to
only approximately chondritic levels in spinel-rich
Group II CAr's and to ~ 1.5 X chondritic levels
in Ca-rich Group II CAT’s.

Among the moderately volatile LRTE, the large
depletion of V in spinel-rich Group II inclusions
to approximately chondritic levels is puzzling
(especially since V is not greatly depleted in Ca-
rich Group II inclusions). Spinel is a very favora-
ble host for V: in seven of eight spinel-rich Group
II inclusions we have studied, spinels contain ~
0.15-0.65 wt.% V,0, (i.e., ~ 1000-4400 ppm V)
[41]. The spinel-rich Group II inclusions we
analyzed only need to contain ~ 6-30 wt.% spinel
for V to be enriched in them to 5 X chondritic
levels (the level to which the other relatively vola-
tile LRTE typically are enriched in this type of
CAI). Since all of the spinel-rich Group II inclu-
sions we studied contain > 25 vol.% spinel, we
conclude that V is enriched to > 5 X chondritic
levels in them except for one of our inclusions
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Fig. 2. Mean refractory siderophile abundances in Allende
CAT’s (error bar symbols as in Fig. 1). Refractory siderophile
abundances in spinel-rich Group II inclusions are based on
data from only five inclusions (see text). Data compiled from
[1,8-11,14-18] and H. Palme (unpublished); C1 abundance
data in Anders and Ebihara [38] were used for the normaliza-
tions.

(0702, which contains V-poor spinel). The V
anomaly in Fig. 1 could simply be an artifact of
the small number (i.e., three) of analyses reported
by Conard [10] and H. Palme (unpublished); but
V also is relatively depleted in a spinel-rich Group
IT Efremovka inclusion [42].

4.3. Refractory siderophile abundances

Mean enrichment factors of refractory
siderophiles in the various types of Allende CAI’s
are shown in Fig. 2. The refractory siderophiles
are listed in order of increasing volatility, on the
basis of the alloy condensation temperatures in
Fegley and Palme [5]. We excluded W and Mo
from our compilation because these refractory
siderophiles commonly were depleted from CAI’s
by high-temperature oxidation processes [5].

In Group 1, II1, and V CAI’s the relative abun-
dance of refractory siderophiles systematically de-
creases from Ir —» Rh (in parallel with their re-
spective condensation temperatures) [16]. Ir is
slightly more enriched in these inclusions than Re
and Os (which are more refractory); we cannot
explain this apparent anomaly. Refractory
siderophile abundances show that Group III CAF’s

are more refractory than group LV CAIs: the
very refractory siderophiles Re — Ru are ap-
proximately twice as enriched in Group 1II CAD’s
(to ~ 24-30 X chondritic levels) than they are in
Group LV CAT’s (to only ~ 12-16 X chondritic
levels). Another parameter that shows that Group
III CAT’s are more refractory than Group LV
CAT’s is the degree of fractionation among the
refractory siderophiles on the basis of their rela-
tive volatility (which is expressed by the steepness
of the slopes of the lines connecting the data for |
Ir —» Rh in Fig. 2). For example, the mean Cl-nor-
malized Ir/Rh ratio in Group III CAI’s is 3.1,
while this ratio is only 1.7 in Group LV CAT’s.
Except for the anomalous Ca-rich Group II CATl's
A-19 and EK 1-4-1 (discussed in section 5.1),
Ca-rich and spinel-rich Group II Allende inclu-
sions contain < 2 X chondritic levels of refractory
siderophiles.

4.4. The relative volatility of refractory sider-
ophile and refractory lithophile trace elements

The 50% condensation tempetatures of refrac-
tory metal alloys in Fegley and Palme [5] and of
LRTE oxides in Table 2 can be used to compare
the relative volatility of these two groups of trace
elements. Re and Os are much more refractory
than any LRTE since at p =107 bars the 50%
condensation temperatures of Re and Os each are
~ 100-150 K higher than the 50% condensation
temperatures of the LRTE with the highest con-
densation temperatures (Hf and Zr). Trace-ele-
ment abundances in ultra-refractory inclusions
support this conclusion: Re and Os each are more
enriched than any LRTE in RNZ, SH-2, and ES-1
[20,36,39]. The 50% condensation temperature of
Ir (1683 K) suggests that Ir is less refractory than
the super-refractory lithophiles but more refrac-
tory than the very refractory LRTE. However, Ir
is approximately as enriched as the most enriched
LRTE in SH-2 [20] and ES-1 [36], and Ir is much
more enriched than any LRTE in RNZ [39]. This

indicates that Ir is more refractory than con-
densation calculatio

ns would suggest.
it =/ =)

5. Discussion

Allende CAD’s initially were interpreted to be
aggregates of refractory crystalline condensates



that formed in the solar nebula [8], but more
recently it has been recognized that many Ca-rich
CAT’s were once at least partially molten [43]. The
relative importance of condensation vs. distillation
processes in the primitive solar nebula remains
controversial; one interpretation is that igneous
Ca-rich CAI’s formed during the evaporation and
melting of interstellar dust aggregates [44], and
that spinel-rich inclusions contain fractionated re-
sidues of primitive dust aggregates that lost Ca-rich
partial melts during distillation [32,45,46]. In this
section, we elect to discuss the origin of Allende
CAI’'s and refractory trace-element abundance
patterns generally (but not exclusively) using the
distillation and partial melting model that we pre-
fer.

5.1. Group II inclusions

Davis and Grossman [21] concluded that the
REE, Zr, and Ir occur in Group II Allende inclu-
sions in two different components, in one of which
they are equally enriched to ~ 0.1-54 X
chondritic levels. The two most refractory REE
(Lu and Er) occur at approximately chondritic
levels in spinel-rich Group II CAD’s (Fig. 1). Be-
cause most other super-refractory lithophile trace
elements (i.e., Zr; Hf; Y) also occur at approxi-
mately chondritic levels in these inclusions, we
infer that a “chondritic component” is the carrier
for the low concentrations of all super-refractory
lithophiles (excluding Sc) in spinel-rich Group 1I
inclusions. Furthermore, it is not unreasonable to
infer that this component contains the other LRTE
at approximately chondritic levels as well.

The super-refractory trace-element depletions
in Group II inclusions have been explained by the
physical fractionation of very refractory host
phases, such as perovskite [4,21] or hibonite [20] at
very high temperatures only a few hundreths of a
degree below their condensation temperatures, or
of oxide-rich Fremdlinge at relatively low temper-
atures [2]. Scis significantly less depleted in Group
II inclusions than are other LRTE with compara-
bly-high oxide condensation temperatures {(e.g.,
Zr; Hf; Y) (Fig. 1). Sc seems to have an affinity
for a greater variety of CAI carriers than do the
other super-refractory lithophiles, which typically
are concentrated in perovskite [47]: e.g., El Goresy
et al. [36] analyzed Sc-rich Ti-Al-pyroxenes (con-
taining as much as 6.2 wt.% Sc,0;) in an Essebi
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CAI, and the Sc/Hf ratio in a hibonite-rich sep-
arate from the Group I CAI CG-Il'is ~ 2 X the
ratio in the bulk inclusion [15]. Perovskite ap-
parently is a less favorable host for Sc than for
several other super-refractory lithophile trace ele-
ments [48]; Allen et al. [49] showed that per-
ovskites in CG-11 have a mean Cl-normalized
Sc/Zr ratio of only ~ 0.3.

The super-refractory carrier that was fraction-
ated probably was a minor phase whose loss did
not significantly change the bulk composition of
the reservoir(s) from which all mineralogical varie-
ties of Allende inclusions subsequently formed by
various processes [32], since Group II REE pat-
terns occur in all mineralogical varieties of Al-
lende CATI’s (i.e., Type A, B, and C CAI’s and
spinel-rich inclusions) and in some olivine-rich
inclusions as well [47]. We suggest that only a
single minor carrier was fractionated as discrete
grains to produce Group II super-refractory litho-
phile depletions, and that relatively less Sc was
lost from the reservoir(s) in which Group II inclu-
sions later formed because at the time of the
fractionation a significant proportion of Sc was
present in each of several carriers (e.g., perovskite;
hibonite; Ti-Al-pyroxene), some of which were not
fractionated. In section 5.2 we show why it is
unlikely that the super-refractory lithophile carrier
was hibonite (or was enclosed by this mineral) at
the time of the Group II fractionation.

Although most Group Allende inclusions are
depleted in refractory siderophiles and the most
refractory LRTE, this does not require that the
Group II fractionation occurred at high tempera-
tures in the solar nebula (i.e., before the more
volatile LRTE condensed). We have postulated
that oxide-rich Fremdlinge were the refractory
siderophile and super-refractory lithophile carrier,
and that these Fremdlinge were physically frac-
tionated at low temperatures before Group II
inclusions subsequently formed by distillation [2].
Although Grossman et al. [50] recently showed
that a large sulfide-rich, oxide-poor Allende
Fremdling contains low concentrations of Sc,
Palme et al. [39] and Lavrukhina et al. [51] have
analyzed oxide-rich Fremdlinge from Ornans and
Kainsaz that do contain high concentrations of Sc.
The abundance of at least one refractory sider-
ophile has been measured in 30 Group II Allende
inclusions; in 28 of these inclusions, refractory
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siderophiles are at least as depleted as are the
super-refractory LRTE. Thus, if oxide-bearing
Fremdlinge generally are enriched in super-refrac-
tory LRTE, our proposal that Group II inclusions
distilled from Frendlinge-poor dust explains the
correlation between refractory siderophile and su-
per-refractory LRTE depletions that are observed
in >90% of Group II Allende inclusions, and
why (in most cases) refractory siderophiles are
more depleted than are super-refractory LRTE in
these objects.

Refractory siderophile fractionations in Group
II Allende inclusions generally mimic (but are less
extreme than) the very large fractionations seen
between super-refractory, very refractory, and
moderately refractory LRTE in these inclusions
[52]. Refractory metal concentrations in the ultra-
refractory inclusions RNZ [39], SH-2 [20], and
ES-1 [36] confirm condensation calculations by
Fegley and Palme [S] which show that Re and Os
are much more refractory than Ru, which in turn
is much more refractory than Pt and Rh. In ad-
dition, the enrichment of Ru in each of these
ultra-refractory CAD’s is intermediate between the
enrichments of various heavy REE, confirming
calculations by Fegley and Palme [5] that Ru is
approximately as volatile as these very refractory
LRTE. In Group II Allende inclusions, the rela-
tive abundance of refractory siderophiles generally
increases from Re to Ru, then decreases for Pt
before increasing again for Rh (Fig. 2). This pat-
tern parallels the REE fractionation pattern found
in Group II Allende inclusions, including an unex-
plained positive anomaly for the most volatile
trace-element in each respective group (Eu and
Rh, respectively) [53]. We doubt if the refractory
siderophile fractionation patterns in Fig. 2 simply
are artifacts of the contamination of extremely
refractory metal-poor Group II inclusions by
chondritic-composition material (e.g., meteorite
matrix): mass-balance constraints would require
an unreasonably large amount of contamination
(> 50 wt.%) for Group II inclusions to conse-
quently contain ~ 0.6-2 X chondritic abundances
of refractory siderophiles.

Two Ca-rich Group II Allende inclusions (EK-
1-4-1; A-19) discussed in Appendix 1 contain rela-
tively high concentrations of refractory sider-
ophiles; Ekambaram et al. [20] described a spinel-
rich Group II Murchison inclusion (SH-4) that

also contains high concentrations of refractory
siderophiles. These three refractory metal-rich
Group II inclusions have small positive Eu and
Yb anomalies as well (rather than the large nega-
tive Eu and Yb anomalies that typically occur in
Group II inclusions). But in A-2 [10] and FG-16
[12], the other two Group II Allende inclusions
that also have small positive Eu and Yb anoma-
lies, the refractory siderophiles are not anoma-
lously enriched. Thus, there is no simple relation-
ship among anomalous refractory siderophile, Eu,
and Yb enrichments in Group II Allende inclu-
sions.

Th and Tm (like Sc¢) are much more enriched in
Group II inclusions than would be anticipated by
their position in our calculated condensation se-
quence (Table 2), and U is much less enriched
than other LRTE of similar volatility (i.e., the
light REE, excluding Eu) (Fig. 1). The Tm anomaly
has long been recognized [6] and defies easy ex-
planation (requiring unreasonably large changes in
the activity coefficients of the heavy REE in per-
ovskite) [4,21]. On the basis of Th and REE abun-
dances in Group II CAD’s, Boynton [54] suggested
that the relative volatilities of Th and Gd are
approximately equal. The more comprehensive
data in Fig. 1 indicate that Th is slightly more
abundant than Gd in Ca-poor Group II inclu-
sions, and that Sm and Th abundances are nearly
equal in Ca-rich Group Il inclusions. Using Boyn-
ton’s reasoning, we infer from Tables 2 and 4 that
in Ca-poor Group II inclusions a Th** activity
coefficient (y) of ~ 500 is implied, while in Ca-rich
Group II inclusions an activity coefficient of ~
5000 is implied (assuming ideal solid solution for
Gd and Sm, respectively).

If these activity coefficients can be applied to
the other actinides (all of which have similar ionic
radii), in both cases we would expect Pu to be as
volatile as Sm (and have a similar 50% con-
densation temperature), while U would be much
more volatile than any REE except perhaps Eu
(which in any case may condense in melilite at
higher temperatures). In fact, Fig. 1 shows that
there is very little difference between the abun-
dances (and, by inference, the relative volatilities)
of U and Yb in Ca-poor or Ca-rich Group II
inclusions. The apparent lack of a detailed correla-
tion between predicted and empirically-derived
relative volatilities of U and REE could simply



indicate that these LRTE are present in another
host phase in addition to perovskite. Alternatively,
the use of relative abundances to estimate activity
coefficients may be incorrect, and the apparent
relative volatility of U may be due to the absence
of perovskite grains while U condensed (due to
grain transport).

5.2. LRTE condensation in hibonite

The condensation calculations in Table 2 are
applicable to the condensation of LRTE oxides in
perovskite, But perovskite was not the only sui-
table LRTE carrier at high temperatures in the
solar nebula. Hibonite, which is more refractory
than perovskite under nebular conditions [32], is
another potential host for the LRTE. We have
calculated the condensation behavior of the
super-refractory and very refractory LRTE in
hibonite (again assuming ideal oxide solid solu-
tion) (Table 6). To more clearly illustrate the
behavior of trace elements that are almost com-
pletely condensed in hibonite, we use gas/ solid
distribution coefficients (D values) normalized to
D, =1

A comparison of Tables 2 and 6 shows several
interesting results. Hf is more refractory than Zr if
ideal solid solution in hibonite is considered; this
may explain why Hf is more enriched than Zr in
SH-2 (a hibonite-bearing ultra-refractory inclu-
sion). In general, the relative volatilities of the
heavy REE are very similar in perovskite and

TABLE 6

Condensation of super-refractory and very refractory LRTE in
hibonite (ideal solid solution)

LRTE D % condensed
Hf 0.05 100
Zr =1.0 100
Lu 2.0 100
Er 6.2 >99
Th 9.2 > 99
Y 16 > 99
Ho 40 > 99
Sc 49 > 99
Tb 67 > 99
Tm 530 > 99
Dy 580 > 99
Gd 910 > 99

Note: Calculations applicable to the condensation temperature
of hibonite at p =102 bars (i.e., 1730 K [32]).
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hibonite (in part because we have assumed ideal
solid solution in both cases), and very large changes
(103-10% x ) in LRTE activity coefficients are re-
quired to significantly change their relative volatil-
ity. Also, the super-refractory nature of Lu is more
evident for ideal solid solution in hibonite.

Ekambaram et al. [20] discussed hibonite as a
candidate for the super-refractory LRTE carrier
that was fractionated at high temperatures (just
below its condensation temperature) prior to the
formation of Group II inclusions, but there are
two serious problems with this model [55]. Smooth
depletions in heavy REE abundances commonly
occur in CAI hibonites [56]. Most of these CATI’s
are very refractory objects: e.g., the heavy REE-
depleted hibonites in BB-5, DJ-2, and MUCH-1
are nonetheless greatly enriched in Y, Zr, and /or
Hf [20,57). Thus, if the heavy REE depletions in
these hibonites were established by gas/solid re-
actions alone, it suggests that these very refractory
LRTE had a poor affinity for hibonite during
condensation at high temperatures, and this
mineral is not likely to have been the carrier of the
required heavy REE-enriched component. Fur-
thermore, Sc is significantly more enriched than
Zr, Hf, or Y in Group II inclusions and in CAI
hibonites. Group II inclusions and CAI hibonites
should have complementary light REE / heavy REE
fractionations and Sc/Zr fractionations if these
inclusions formed from a reservoir that had lost
hibonite; instead, CAI hibonites and Group II
inclusions generally have very similar trace-ele-
ment fractionations.

The LRTE patterns in CAI hibonites could
have been established by crystal /liquid partition-
ing during melting: e.g., the hibonite/ melt parti-
tion coefficient of Yb is only 0.10 (in air at
T = 1480°C), while hibonite/melt partition coef-
ficients of La and Sm are 7.2 and 2.15, respec-
tively (M.J. Drake, unpublished). This explanation
for the observed heavy-REE depletions in CAI
hibonites seems reasonable, and contradicts the
vapor /solid condensation model for the origin of
BB-5 and MUCH-1 favored by Bar-Matthews et
al. [58] and MacPherson et al. [59].

5.3. LRTE fractionations in spinel-rich inclu-
sions

We have proposed that spinel-rich inclusions
are refractory residues that lost Ca-rich partial
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melts [32]. Ekambaram et al. [20] criticized our
partial melting model, in part because spinel-rich
Murchison spherules do not show all of the LRTE
fractionations that are expected if they had equi-
librated with a Ca-rich melt that later was lost. Of
course, this criticism logically also should be
leveled against the partial melting model for the
origin of spinel-rich Murchison spherules indepen-
dently proposed by MacPherson et al. [59]. But it
is important to remember that this criticism is
valid only if LRTE carriers in spinel-rich residues
equilibrated with Ca-rich melts. Equilibrium
crystal /liquid partitioning generally requires peri-
ods of days or longer for trace elements: e.g.,
Nagasawa et al. [48] allowed perovskite, spinel,
and melilite to crystallize for 3-9 days to achieve
equilibrium partitioning of Sc and REE. Although
periods of days or more during which spinel-rich
inclusions were partially molten are reasonable in
the context of canonical (i.e., slow-cooling) solar
nebula models, we never have supported such
models of their origin. One of us (A.S.K.) has
specifically proposed that spinel-rich Allende in-
clusions formed very rapidly under non-equili-
brium conditions during the aerodynamic drag
heating of interstellar dust aggregates [46].

An important factor is the rate at which per-
ovskites in contact with a CAl-composition melt
would dissolve in the melt. Unfortunately, the
dissolution kinetics of perovskite in anhydrous,
silicate melts have never been determined. Watson
and Harrison [60] measured the kinetics of zircon
dissolution in zircon-undersaturated, anhydrous
felsic melts. Assuming that perovskite has similar
dissolution kinetics, we estimate that a 5 um per-
ovskite grain will dissolve in an undersaturated
silicate melt in ~ 6 minutes at 7 = 1400°C. But it
is uncertain that a CAI melt would be greatly
undersaturated with respect to perovskite. Fur-
thermore, perovskite grains in spinel-rich Allende
inclusions generally are enclosed in larger spinel
crystals. Naturally, perovskites encapsulated in
spinels will have even longer lifetimes. We think
that most perovskites need not have melted during
the formation of spinel-rich inclusions if distilla-
tion was rapid; unmelted perovskite grains then
could have equilibrated with the melt only by
solid-state diffusion that might have been slow
relative to the time scale of the melting event.

5.4. Ba, Sr, and Eu abundances: constraints on
CAI alteration

Because Wark [61] showed that melilite in Al-
lende CAI’s was readily altered to feldspathoids,
grossular, wollastonite, and other secondary
minerals, it remains uncertain how much melilite
the spinel-rich Allende inclusions once contained.
We previously have interpreted the low Ca/Al
ratios in spinel-rich inclusions as a primary fea-
ture, and evidence that they formed after the
physical fractionation of Ca-rich phases from Al-
rich phases [32]. Alternatively, if Ca was prefer-
entially lost during the metasomatic alteration of
melilite, spinel-rich Allende inclusions could have
contained significant amounts of melilite (and had
Ca /Al ratios that were more nearly solar) prior to
their alteration [61].

Ba, Sr, and Eu are significantly less enriched in
spinel-rich Group Il and Group III Allende CATI's
(generally to <6 X chondritic levels) than they
are in Ca-rich varieties of these inclusions (gener-
ally to > 12 X chondritic levels) (Fig. 1). Gross-
man et al. [14] concluded that Srrand Eu occur in
solid solution in melilite in Ca-rich Allende CAI’s
because Ca, Sr, and Eu abundances positively
correlate with each other in these inclusions. We
believe that the relatively low concentrations of
Ba, Sr, and Eu in spinel-rich Allende inclusions
are evidence that they always contained much less
melilite (and other Ca-rich phases) than did Ca-
rich CAI’s. Of course, if large amounts of Ca
diffused out of Allende CAI’s during alteration it
is possible that Ba, Sr, and Eu also were mobilized
during metasomatism. But these three LRTE
principally substitute for Ca in host phases, and
the secondary Ca-rich minerals found in spinel-rich
inclusions (e.g., anorthite; grossular) are suitable
hosts for even larger amounts of these trace ele-
ments than presently occur in the inclusions. Thus,
there seems to be no a priori reason why Ba, Sr,
and Eu would be lost during alteration of melilite.

5.5. Large-ion lithophile abundance anomalies in
Group I Allende CAI’s

Wark [62] first noted that large-ion, high-va-
lence LRTE are less enriched in Group I Allende
CATI’s than divalent and trivalent LRTE of equiv-
alent volatility, and that this crystal-chemical ef-
fect is more strongly developed in Type A CATI's
than in Type B CAI’s. Hf and Ta show this effect



most strongly in Group I Allende CAI's (Fig. 1);
it also may explain the relatively low abundance
of U in these inclusions.

An additional factor that probably explains in
part why Hf is ~ 20% less enriched than other
LRTE is that the Hf abundance [38] we used for
the C1 normalization is too high. Patchett [63],
who simultaneously measured the abundance of
REE and Hf in two samples of Orgueil by isotope
dilution, concluded that Anders and Ebihara [38]
overestimated the solar abundance of Hf by 10%;
Patchett [63] further noted that the Hf-Nd iso-
topic evolution of C1 material agrees with that of
the Earth if the Hf abundance is adjusted down-
ward by this amount. If the solar abundance of Hf
recommended by Patchett [63] (i.e., 107 ppb) is
used, the Hf anomaly in Fig. 1 is reduced by 50%.

6. Conclusions

We have used condensation calculations and
the abundance patterns of 31 refractory lithophile
and siderophile trace elements in the various types
of Allende CAI’s to interpret the cosmochemical
behavior of these elements and to constrain the
conditions under which some types of inclusions
formed.

Heavy REE depletions are common in CAI
hibonites, indicating that these very refractory
LRTE had a poor affinity for this mineral under
the conditions in which the inclusions formed.
Hence, hibonite is not likely to have been the
carrier of the heavy REE component that is mis-
sing from Group II inclusions (if the hibonites
analyzed are condensates). Sc is significantly less
depleted in Group II Allende CATI’s than are other
LRTE with comparably high oxide condensation
temperatures. Since Sc generally is more enriched
than Zr, Hf, or Y in CAI hibonites, this is ad-
ditional evidence that the physical fractionation of
a minor phase other than hibonite preceded the
formation of Group II inclusions. Refractory
siderophile fractionations in Group II Allende
inclusions mimic LRTE fractionations:
elements of intermediate volatility (e.g., Ru; Dy)
are less depleted than trace elements that are more
refractory (e.g., Os; Lu) or more volatile (e.g., Pt;
Yb).

We previously have suggested that spinel-rich
Group II and Group III inclusions formed from
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primitive dust aggregates that lost Ca-rich partial
melts by ablation or evaporation when they were
distilled in the solar nebula [32]. We suggest that
spinel-rich inclusions do not show all of the ig-
neous LRTE fractionations expected if they had
equilibrated with a partial melt that later was lost
because melting and crystal /liquid fractionation
occurred rapidly under non-equilibrium condi-
tions (e.g, during aerodynamic drag heating [46]).
In addition, perovskite (the principal host for many
LRTE) generally was encased in spinel crystals
that largely were never molten.
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Appendix 1—Anomalous refractory frace-element
abundances in Allende CAT’s

We excluded from the compilation in Table 5 those trace-
element abundances in Allende CAI’s that differed by more
than three standard deviations (i.e., were outside the 99%
confidence limits) from the mean of the remaining CAI trace-
element population. Using this statistical criterion, we classi-
fied 7.5% of the available trace-element data as anomalous.

One group of anomalous data are most of the REE abun-
dances in the seven inclusions shown in Table A-1, which
generally are much higher or much lower than the REE abun-
dances in all other Allende CAI’s of the same type. If we
included the anomalous REE abundances in 3525-45, A-18,
B-32, and FG-16 in the compilation in Table 5, the mean REE
abundances in Group 1,V CAI's and in Ca-poor Group II
CATI’s would not change significantly, but the respective stan-
dard deviations for each REE simply would increase substan-
tially. Approximately 65% of the trace-element abundance data
we identified as anomalous are those shown in Table A-1.

The other type of data we excluded are the anomalous
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TABLE A-1

Refractory trace-element abundances in anomalous Allende CAI's (ppm) (data shown in italics are not anomalous)

Group LV Group III Group 11
3529-45* A-18° Ca-rich Ca-poor Ca-rich Ca-poor
3529-46 © TR-44A CG-5 ¢ B-32°¢ FG-16

La 6.36 1.62 11.6 44.5 16 15.1 0.72
Ce - - - 85 36.7 37 6.2
Pr 2.59 - 4.30 - - 6.0 -
Nd 13.9 - 22.0 - - 29 -
Sm 4.20 121 6.37 204 9.96 9.1 1.13
Eu 1.53 0.41 1.33 0.386 0.64 0.193 0.51
Gd 5.63 - 8.10 - - 8.1 -
Tb 1.03 - 1.58 5.73 1.61 1.23 < 0.09
Dy 7.39 1.8 10.6 - 8.8 498 <038
Ho 1.64 - 2.68 - - 0.33 -
Er 4.30 - 7.74 - - 0.42 -
Tm 0.73 - 1.11 - - 1.36 -
Yb 42 0.83 5.29 0.58 0.9 0.41 1.79
Lu - 0.15 - 4.63 0.135 0.014 -
Sc - 39 - 481 80.1 S1 4.5

2 Ru (20 ppm), Re (0.94 ppm), and Ir (12.6 ppm) also are anomalously high [16].
b Hf (0.84 ppm) also is anomalously low (H. Palme, unpublished).
¢ Th (1.66 ppm) and U (0.13 ppm) also are anomalously high [16].

4 Zr (13.6 ppm), Hf (0.79 ppm), and Ta (0.74 ppm) also are anomalously high [18]. "

¢ Ta (0.85 ppm) also is anomalously high [10].

abundances of typically only one or two refractory trace ele-
ments in CAIl’s that otherwise do not have trace-element
anomalies. In a few cases, anomalous depletions can be ex-
plained by the formation of CAI’s under relatively oxidizing
conditions. Because the Th/U ratio is an important cosmo-
chemical value, we purposely excluded from our compilation in
Table 5 several anomalously high U abundances in CAT’s for
which Th data were not also reported-—otherwise, the mean
Th/U ratios we determined would have been artificially low.

For the sake of completeness, we subsequently list all other
anomalous trace-element data we excluded that are not shown
in Table A-1:

Group LV CAI’s: The high abundances of U (0.187 ppm) in
CG-1 [14]; Sc (166 ppm) in I-2 [11]; Hf (3.3 ppm) and Pt (16.2
ppm) in A-4 [1]; Ba (104 ppm) in 3529-26 [6]; Ru (16.2 ppm),
Rh (2.54 ppm), and Pt (18.7 ppm) in 3529-21 [16); and Ir in
EK-1-07 (16.2 ppm), 5241 (14.5 ppm), and EK-1-42 (14.7 ppm)
[13]. The low abundances of Ce (3.7 ppm) and V (52 ppm) in
Cl {10}, Lu (0.235 ppm) in CG-11 [15]; and Sc (38.8 ppm) in
CAI £9 [8].

Ca-rich Group III CAI's: The high abundances of U in CG-2
(0.237 ppm) and CG-10 (0.263 ppm) [14], and Sc (275.4 ppm)
in CG-2 [9]. The low abundance of Ba (5.0 ppm) in B-30 [10].

Ca-rich Group 1I CAI’s: The high abundances of Sc (105 ppm)
and Ir (6 ppm) in EK-1-4-1 [17]; Ru (3.9 ppm), Re (0.14 ppm),
Os (2.46 ppm), Ir (2.04 ppm), and Pt (4.8 ppm) in A-19 (H.

Palme, unpublished); and the Eu and Yb abundances in A-2
[10], EK-1-4-1 [17], and A-19 (H. Palme, unpublished), which
contain on average 1.24 +0.15 ppm Eu and 2.7+0.20 ppm Yb.
The low abundances of Yb ( < 0.02 ppm), Nb (0.13 ppm), and
Ba (8.6 ppm) in 3529-40 [16].

Ca-poor Group I1 CAI’s: The high abundances of Ce (46 ppm)
in A-13 (H. Palme, unpublished); Er (0.49 ppm) in B-29 [10];
and Eu (0.81 ppm) and Yb (1.34 ppm) in FG-20 [12].
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