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A B S T R A C T  

Chemical equilibrium calculations were performed to study the condensat ion chemistry of the REE and actinides under  
the highly reducing conditions which are necessary for the formation of the enstatite chondrites [1,2]. Our  calculations 
confirm that the REE and actinides condensed into oldhamite (CaS), the major REE and actinide host phase in enstatite 
chondrites,  at a carbon-oxygen ( C / O )  ratio >/1 in an otherwise solar gas. Five basic types of  REE  abundance patterns,  
several of which are analogous to R E E  abundance patterns observed in the Ca, Al-rich inclusions (CAIs) in carbonaceous 
chondrites, are predicted to occur in meteoritic oldhamites. All of  the reported REE patterns in oldhamites in enstatite 
chondrites can be interpreted in terms of our condensat ion calculations. The observed patterns fall into 3 of  the 5 predicted 
categories. The reported Th and U enrichments  and ratios in meteoritic oldhamites are also consistent with predictions of 
the condensat ion calculations. Finally, pure R E E  sulfides are predicted to condense in the 10 -6  to 10 -9  bar range and may 
be found in enstatite chondrites if they formed in this pressure range. 

Introduction 

Oldhamite (CaS) and the other unusual refrac- 
tory minerals (e.g., osbornite, TiN; niningerite, 
MgS; alabandite, MnS) found in the highly re- 
duced enstatite chondrites are generally believed 
to be analogs to the more oxidized refractory 
minerals such as perovskite (CaTiO3) , hibonite 
(CaAltzOw) , melilite (CazAlzSiOv-CazMgSi 2 
O7), and spinel (MgAI204) which occur in the 
Ca, Al-rich inclusions (CAIs) in carbonaceous 
chondrites [2]. Condensation calculations by 
Larimer et al. [1-3] demonstrated that CaS, TiN, 
MgS, etc. are unstable in a solar composition gas 
and only become stable under more reducing 
conditions characterized by higher carbon-oxygen 

1 Present  address: Depar tment  of  Earth and Planetary Sci- 
ences, Washington University, Campus  Box 1169, St. Louis, 
MO 63130-4899, USA. 

( C / O )  ratios in the gas. Conversely, the more 
oxidized minerals found in the CAIs are unstable 
under these more reducing conditions and their 
places in the condensation sequence are assumed 
by phases such as CaS, MgS and TiN. 

Numerous studies of the trace element chem- 
istry of perovskite and hibonite, two major REE 
host phases in CAIs, have provided important 
information on the origin of CAIs and on chemi- 
cal and physical conditions in the solar nebula 
[e.g., 4, 5, and references therein]. Therefore,  it is 
reasonable to expect that studies of the trace 
element composition of CaS and the other un- 
usual minerals in enstatite chondrites will prove 
similarly informative. Indeed selective dissolution 
experiments on bulk samples, analyses of mete- 
orite fragments with different abundances of CaS 
and other minerals, and fission track radiography 
suggest that CaS is an important host phase for 
the REE and actinides in enstatite chondrites 
[6-8]. Recently several groups published results 
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of trace element analyses of CaS and other phases 
in enstatite chondrites which clearly demonstrate 
that oldhamite is the major carrier of the REE 
and actinides in these meteorites. These studies 
also show that secondary minerals such as phos- 
phates, which are REE and actinide host phases 
formed during metamorphism of ordinary chon- 
drites, are not important REE host phases in the 
enstatite chondrites. The absence of such phases 
(or their very low abundance) suggests that meta- 
morphism has not significantly altered the REE 
and actinide abundance patterns. An additional 
argument suggesting that metamorphism has not 
altered the REE and actinide abundances in old- 
hamite is that metamorphic equilibration temper- 
atures for the CaS-enstat i te cosmothermometer 
do not correlate with the petrologic grade of EH 
and EL chondrites [9, and references therein]. 
The lack of correlation suggests that the CaS in 
the primitive E-chondrites was not affected by 
metamorphism and thus it is reasonable to as- 
sume that the trace elements contained in the 
CaS were also unaffected. 

Larimer and Ganapathy [10,11] used neutron 
activation to make the first analyses of oldhamite, 
sinoite (Si2N20), and osbornite from different 
meteorites. They found large enrichments of the 
REE in oldhamite from Indarch (EH4) and 
Yilmia (EL6) but only low levels of the REE in 
osbornite and sinoite from Yilmia. They argued 
persuasively that nebular condensation of the 
REE into oldhamite is the most likely way to 
explain the large REE enrichments. Subse- 
quently, Lundberg et al. made ion microprobe 
analyses of oldhamite and niningerite from sev- 
eral enstatite chondrites [12,13]. This work con- 
firmed that CaS is the major host for the REE, 
showed the existence of several different types of 
REE patterns, and also showed that some old- 
hamites were isotopically anomalous and had 
small deficits in 4SCa. Murrell and Burnett [14] 
showed that Th and U generally are also concen- 
trated in oldhamite, although niningerite is a 
minor carrier for U in one sample of Abee (EH4). 

Condensation calculations at high C / O  ratios 
are necessary in order to interpret the observed 
REE patterns and actinide abundances in terms 
of nebular a n d / o r  parent body processes. How- 
ever, prior results [15-17] are mainly qualitative 
and only indicate that REE condensation into 

oldhamite may occur. Here we present detailed 
REE and actinide condensation calculations 
which provide information on the gas phase 
chemistry of the REE and actinides, on their 
condensation chemistry, and predict specific REE 
and actinide abundance patterns in CaS formed 
under these conditions. We also compare the 
observed REE patterns with our predictions and 
show how the observations can be interpreted in 
terms of condensation from an otherwise solar 
gas with a C / O  ratio >~ 1. Finally, we present 
arguments indicating that the REE-rich old- 
hamites found in enstatite chondrites are nebular 
condensates. 

Method of calculation 

The condensation calculations were performed 
using a new computer code named CONDOR, 
which calculates gas-solid chemical equilibrium 
as a function of temperature, pressure, and ele- 
mental abundances. The computation procedure 
is similar to that used in the TOP20 [18] and 
METKON [4,19] codes. Briefly, CONDOR calculates 
the molecular distribution of an element by con- 
sidering all gases of that element for which ther- 
modynamic data are available. For example, in 
the case of Ce, the total abundance of Ce in all 
forms is defined as A(Ce), which is simply the 
solar abundance of Ce [20]. The mole fraction of 
total Ce is then: 

X:~ce =A(Ce)/A(H + H 2 + He)  (1) 

where A(H + H 2 + He) is the sum of the solar 
abundances of H, and He (considering the tem- 
perature-dependent H and H 2 equilibrium). Mul- 
tiplying X~c e by the total pressure PT gives the 
total pressure of Ce in all forms, which is equiva- 
lent to the partial pressure sum for Ce: 

Pz~ce = XZ~cePT =Pce + Pceo + Pceb2 + Pces + "'" 

(2) 

where Pi is the partial pressure of gas i. This 
expression can be rewritten in terms of the ther- 
modynamic activity of Ce (ace), the equilibrium 
constants (K i) for forming the different gases 
from the constituent elements in their reference 
states, and the thermodynamic activities and fu- 
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gacities of the other elements combined with Ce 
in these gases: 

P=Ce = Xxce PT 

= acelKce + K c e o (  f o  2) + K c e o 2 ( f o 2 )  
1/2 

-'[-KCeS(fS2) 1/2-[ "- . . . ]  (3) 

One such equation is written for each element in 
the code. 

The equilibrium constants K s in these equa- 
tions are taken from different thermodynamic 
data sources in the literature (described below). 
An initial guess is assumed for the activity (or 
fugacity) of each element. The guesses can be 
optimized if the major gas of each element is 
known, but this is not necessary for the code to 
operate properly. The CONDOR code then solves 
the set of coupled nonlinear equations and gives 
the thermodynamic activity (or fugacity) for each 
element, the abundances of all gases in the code, 
and information on the quality of the solution for 
each element. The code reaches a solution when 
the calculated abundance and the input abun- 
dance for each element agree within 1 part in 
100,000 to insure that mass balance is achieved. 
At present, 56 elements (H, Na, K, Mg, Ca, Sr, 
Ba, Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, 
Fe, Co, Ni, Cu, Zn, A1, C, Si, N, P, O, S, F, C1, 
Br, REE, Th, U, Pu, noble gases) and ~ 600 
gases are included in CONDOR. In some cases 
(e.g., yttrium) data are available for gases but not 
for potentially important condensates at high 
C / O  ratios. Here we focus on the REE and the 
actinides. However, the entire set of elements 
and compounds was included in the calculations. 

CONDOR calculates the thermodynamic activi- 
ties of a large number of possible condensates by 
considering the formation reactions from the con- 
stituent elements in their respective reference 
states. For example, in the case of Ce, CONDOR 
calculates the activities of CeO2(s), Ce203(s), 
CeC2(s), CeN(s), and CeS(s) from the equations: 

acoo: = (aCel(fo2) :CeO  
2 3/2 

ace203 = (ace) (foa) Kce203 

acec2 = (ace)(agr)ZKcec2 
1/2 

ace N = (ace)(fN2) KCeN 
1/2 

ace s = ( a c e ) ( f S e )  Kces  

(4) 

(5) 
(6) 

(7) 

(8) 

where ag r is the activity of graphite, which is the 
reference state for carbon. 

The CONDOR program calculates the conden- 
sation of pure phases (e.g., CaS) and trace phases 
in solid solution (e.g., the REE and actinides). 
Approximately 180 condensates of major, minor, 
and trace elements are included in the code. 
Once a condensate becomes stable, the fraction 
(a) of the element which is condensed is calcu- 
lated (assuming ideal solid solution for a trace 
element), and the total gas phase abundance of 
the element is reduced by multiplying by (1 - a). 
Because the gas phase and gas-solid equilibrium 
calculations are coupled, the gas phase chemistry 
and gas-solid condensation calculations are done 
simultaneously using iterative techniques, as in 
the MZTKON code [4]. 

The condensation calculations assume ideal 
solid solution because no activity coefficient data 
are available for the solid solutions of CaS with 
the sulfides considered here. However, CaS and 
the REE and actinide sulfides all have the NaCI 
crystal structure, indicating that their solid solu- 
tions will be close to ideal. For example, the 
calorimetric data of Charlu et al. [21] in combina- 
tion with the theoretical mixing entropies of 
Waldbaum [22] show that the melilite solid solu- 
tion, in which both endmembers have the same 
crystal structure, is close to ideal. 

The solar elemental abundances are from An- 
ders and Grevesse [20], except for the Pu abun- 
dance which was calculated from the 244pu/238U 
ratio given by Jones [23]. We adopted a solar 
C / O  ratio of 0.42 from Anders and Grevesse 
[20]. More recent work by Grevesse et al. [24] 
gives a slightly higher value of 0.47, while 
Cameron's compilations [25] gave solar C / O  ra- 
tios of 0.55 (in 1973) and 0.60 (in 1982). 

The carbon-oxygen (C/O) ratio was varied by 
either increasing the carbon abundance or de- 
creasing the oxygen abundance. The calculations 
were done at a C / O  ratio of 1.2 (enhanced 
carbon abundance), which was chosen to allow 
comparisons with past work [2,15-17,26] done at 
the same or a nearly identical C / O  ratio. How- 
ever, with the exception of graphite and metal 
carbides, the condensation sequence is indepen- 
dent of the C / O  ratio above unity (see Discus- 
sion). The calculations were usually done from 
1000 to 2000 K and covered a pressure range 
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from 10 .3 to 10 -9 bar. However, larger tempera- 
ture ranges were used for calculations at very low 
pressures. Most of the results presented here are 
at 10 -3 bar to facilitate comparisons to prior 
work. 

Thermodynamic data sources and estimates 

The thermodynamic data for gases and con- 
densates of the elements Al, C, Ca, C1, Co, Cr, F, 
Fe, H, Mg, N, Na, K, Mn, Ni, O, P, S, Si, Ti, Zn 

were taken from standard compilations [27-35]. 
All of the gases listed by Larimer and Bartholo- 
may [2] were included as well as some others 
which they did not consider (C1, F, Mn, Zn, and P 
gases). 

Eighty five compounds were considered for the 
REE and actinides. These compounds and the 
thermodynamic data sources used are listed in 
Table 1. The uncertainties in the data are either 
taken from the references cited in Table 1, or 
from the original experimental papers cited in the 

TABLE 1 

Thermodynamic data sources for lanthanide and actinide compounds 1 

Data Source Compounds 

Ackermann & Chandrasekharaiah [361 
Holley et al. [37] 
Murad (pers. comm..), Murad & Hilden- 
brand [38] 
Mignanelli et al. [39] 
Myers & Graves [40] (Gibbs free energy 
function) 
Hultgren [29]/Pankratz [31] 

Pankratz [321 

Mills [30]/Pankratz et al. [341 

Rand [41] 

Gases 
UO, UO z 
UC 2 
LaO, PrO, NdO, SmO, EuO, GdO, TbO, DyO, HoO, ErO, 
TmO, YbO, LuO 
CeO, CeO 2 
SmC1 s AHr°(298) = -710kJ mole I was estimated 

La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 
Th; ThO, ThO2, U, Pu 
LaC1 s, LaF 3, CeC13, CeF 3, PrC13, PrF s, NdC1 s, NdF s, SmF3, 
EUCls, EuF3, GdCls, GdFs, TbC13, TbFs, DyCls, DyFs, 
HoC1 s, HoF s , ErC1 s, ErF s, TmC1 s, TmF 3 , YbC1 s , YbF s , 
LuCls, LuF3, ThC14, ThF2, ThFs, ThF4, UF4, UFs, UF6, PuF 6 
LaS, CeS, PrS, NdS, SmS, EuS, GdS, TbS, DyS, HoS, ErS, 
TmS, YbS, LuS, ThS, ThS~, US, US 2 
ThC 2, ThC 4 

Solids 
Ackermann & Chandrasekharaiah [36] 
Brown & Clark [42,43] 

Glusko et al. [44][AHf°(298)], Haschke 
& Deline [451 [S°(298)] 
Gschneidner & Kippenhan [47] 
Holley et al. [37] 
Pankratz [31] 

Pankratz et al. [33] 
Pankratz et al. [341/Gronvold [48] 
Rand [41] 
Robie et al. [35] 
see Table 2 for data and references 

U02, U2Os 
PrN, NdN, SmN, EuN, GdN, TbN, DyN, HoN, ErN, TmN, 
YbN, LuN 
EuC~, DyC 2, HoC 2, ErC 2, TmC 2, YbC 2, LuC~ Cp esti- 
mated as described by Kubaschewski & Alcock [46] 
LaC2, LaN, CeC2, CeN, PrC~, NdC2, SmC2, GdC2 
UC, UCI9 4, U~C s, PuCo.s4, Pu~C s 
L%O3, CeO2, Pr20 s Nd2Os, Sm203, EuO, EuaOs, Gd2Os, 
TbzO3, Dy203, H%Os, Er203, Tm2Os, Yb2Os, Lu~Os, 
ThO2, PuO, PuO2, Pu~O 3 
Th~Ss, UN, PuN 
ThS, ThS~, US, US 2, PuS 
ThC, ThCI.94, ThN, ThsN4, Th2N20, ThP, ThsP4, TbHa 
Ce203 
LaS, CeS, PrS, NdS, SmS, EuS, GdS, TbS, DyS, HoS, ErS, 
TmS, YbS, LuS 

1 No data are available for TbC2(solid) and it was not included in the calculations. 
Note: Compilations by Pankratz [31-34] do not list uncertainties in thermodynamic data. Uncertainties used in calculations were 
taken from original references cited there. 
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TABLE 2 

Selected values of the thermodynamic properties of the rare earth and actinide monosulfide solids 

129 

_AHOf(298.15K) Ref. S°(298.15K) Ref. Cp°(298.15K) Ref. Cp°(T) = a + b.103T +c.10+~T 2 Ref. 
(J/(mole°K), 298.15-2000K) 

k J/mole J/(mole°K) J/(mole°K) a b c 

LaS 452±17 [49] 

CeS 456.5±8 [30] 

PrS 452±25 [30] 

NdS 452±63 [51](a) 

SmS 456±63 [51](a) 

EuS 459.0±10.9 [52] 

GdS 464±17 [51] 

TbS 460±42 [30](a) 

DyS 460±63 [30]0) 

HoS 460±63 [30](a) 

ErS 460±63 [30](a) 

TrnS 460±63 [30](a) 

YbS 452±63 [30] (a) 

LuS 416.7±13.0 [54] 

ThS 399.6±4 [48] 

US 322±13 [48] 

PuS 364±38 [48](a) 

68.2+8 [50] 

78.2+1.3 [30] 

85.40±8 [50] 

77.8+4 [30] 

81.2+4 [44] 

98.7±3.8 [53] 

85.06±8 [50] 

77.4+8 [30]0) 

77.4i8 [30](a) 

77.4±8 [30](a) 

77.4±10.5 [30](a) 

77.4±10.5 [30](a) 

77.4±10.5 [30](a) 

63±13 [30](a) 

69.79±0.33 [48] 

77.99±0.21 [48] 

76.15±8 [48](a) 

48.1 [30](a) 

49.96 [30] 

50.46 [50] 

48.7 [30] 

58.16 [44] 

50 [53] 

48.1 [53] 

50 (b) 

50 (b) 

50 (b) 

50 (b) 

50 (b) 

35.6 [30](a) 

50 (b) 

47.74 [48] 

50.54 [48] 

48.33 [48] 

T~  

K 

46.48 5.4 0 [30](a) 2600 

42.01 26.74 0 [30] 2723 

53.47 4.192 -3.807 [34] 2500 

46.19 8 0 [30] 2400 

57. 78 1.30 0 (c) 2213 

48.74 4.81 0 [53] 2673 

46.23 6.3 0 (c) 2300 

48. 62 5. 40 0 (c) 2240 

48.62 5.36 0 (c) 2250 

48.66 5.23 0 (c) 2300 

48.66 5.23 0 (c) 2300 

48.66 5.23 0 (c) 2300 

37.33 0.046 -1.561 [30](a) 2393 

48. 66 5.23 0 (c) 2300 

50.12 5.460 -3.586 [48](a) 2723 

52.857 6.515 -3.782 [48] 2753 

45.643 14.209 -1.381 [34,48] 2623 

(a) Literature value is an estimate. 
(b) Cp ° (298.15K) estimated as 25.1 J/(grm-atom'K) as recommended by Mills [30] and Kubaschewski and Alcock [46]. 
(c) Cp°(T) equation estimated from Cp ° (298.15K) value and an assumed Cp ° = 30.33 J/(grm-atom-K) at the sulfide melting point. 
A linear variation of Cp ° with temperature is assumed. This method is recommended by Kubaschewski and Alcock [46]. 
Numbers in italics indicate estimates made here. 

TABLE 3 

Condensation temperatures of refractory minerals in a solar gas at a pressure of 10 -3 bar 

C o n d e n s a t i o n  T e m p e r a t u r e  (K) 

Mineral  Ideal  Fo rmula  This  Work Ref. [55,56] Ref. [26,57] 

C o r u n d u m  A1203 1772 1741 a 1749 ¢ 

Hiboni te  CaAl~2019 1748 1730 a 1725 ¢ 

Perovsk i te  CaTiO 3 1687 1677 a 1675 ¢ 

Gehleni te  Ca~Al~SiO 7 1624 1608 a 1607 ¢ 

Spinel  MgA1204 1505 1488 a 1494 ¢ 

I ron  Metal  Fe 1453 1458 b 1458 a 

Fors te r i te  Mg2SiO 4 1442 1429 b 1433d 

a Kornacki and Fegley [55]. 
b Palme and Fegley [56]. 
c Grossman et al. [57]. 
d Lattimer and Grossman [26]. [26,55-57] use abundances by Cameron [25]. 
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compilations. The selected thermodynamic data 
for the solid R E E  and actinide monosulfides are 
summarized in Table 2. 

The equilibrium constants used in the calcula- 
tions were either taken from standard compila- 
tions or were calculated from the Gibbs energy 
functions and the enthalpy using the Third Law 
method [27]. Sometimes, the enthalpy of forma- 
tion of a solid compound was known at 298 K but 
not the entropy. In these cases, the equilibrium 
constants were calculated by the Second Law 
method (requires an estimated entropy) or by the 
Third Law method (requires an estimated en- 
tropy and an estimated heat  capacity). The en- 
tropy and heat capacity estimates were made 
using the procedures recommended by Kuba- 
schewski and Alcock [46]. Tests made by estimat- 
ing known entropies and heat capacities of solids 
showed that the estimates are good to within _+ a 
few J mole-a  K - I .  Thus, over the 1000 to 2000 K 
range, the errors introduced from the entropy 
and heat capacity estimates are smaller than the 
uncertainties in the experimentally measured en- 
thalpies. 

Results 

Major element condensate 

Modelling R E E  and actinide condensation into 
host phases such as perovskite and hibonite in a 
solar gas or into oldhamite at higher C / O  ratios 

requires calculating the point where these host 
phases condense and their abundance as a func- 
tion of temperature.  Table 3 shows a subset of 
results for major element condensation at 10 -3 
bar in a solar gas. Overall, there is good agree- 
ment  with previous work [e.g., 26, 55-57]. How- 
ever, we calculate slightly higher condensation 
temperatures  for oxides and silicates than re- 
ported in previous studies. This is due to using 
the solar C / O  ratio of 0.42 from Anders and 
Grevesse [20] instead of the higher solar C / O  
ratio of about 0.6 used in the past work. 

Table 4 shows an analogous comparison for 
major element condensation at 10 -3 bar and at a 
C / O  ratio of 1.2. Again, there is generally good 
agreement  with the previous results. Our calcula- 
tions at 10 - 4  bar reproduce most of the results in 
Larimer 's  calculations [1,2], which were done at 
this pressure. However, we calculate that TiC is 
the initial Ti condensate, instead of TiN. This is 
probably an error in the calculations of [2] be- 
cause others [15,16,26] also calculate that TiC 
condenses first. 

The results in Table 4 were calculated by in- 
creasing the carbon abundance above the solar 
value. The condensation temperatures  of TiC, 
graphite, and SiC decrease to 1870, 1600, and 
1723 K, respectively, if the C / O  ratio is increased 
to 1.2 by reducing the oxygen abundance of an 
otherwise solar gas. If the C / O  ratio is increased 
by removing oxygen, the condensation sequence 
for graphite and SiC is reversed. However, in 

TABLE 4 

Condensation of refractory minerals at C/O = 1.2 and 10 - 3  bar 

Condensation Temperature (K) 

Mineral Ideal Formula This Work Ref. [15] Ref. [26] 

Titanium Carbide TiC 1893 1888 1893 

Graphite C 1766 a 1735 1732 

Moissanite SiC 1736 1740 1742 

Cohenite Fe3C 1453 1454 1463 

Aluminum Nitride AlN 1398 1389 1396 

Oldhamite CaSb 1379 1313 1385 

Forsterite Mg2Si Q 1152 1146 1154 

Osbornite TiN 1015 1021 1025 

The C/O ratio was increased by adding carbon. 
a Graphite condenses at 1734 K if the solar abundances of Cameron [25] are used, as was done in [15,26]. 
b Sears et al. [16] condense CaS at 1377 K at 10 -3 bar. 
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bo th  cases  the  condensa t i on  t e m p e r a t u r e s  of  the  
o t h e r  r e f rac to ry  condensa t e s  l is ted in Tab le  4 will 
be  the  same.  This  h a p p e n s  because  once  ca rbon  
is in excess the  r eac t ion  C ( g ) +  H 2 0 ( g ) =  CO(g)  
+ H2(g)  fixes the  H 2 0 / H  2 rat io.  F u r t h e r m o r e ,  
once  g raph i t e  is c o n d e n s e d  the  ca rbon  activity is 
f ixed at  uni ty  and  the  p re s su re  of  m o n a t o m i c  
ca rbon  gas follows the  g raph i t e  vapor  p ressu re  
curve. 

A n o t h e r  in te res t ing  po in t  i l lus t ra ted  by the  
resul ts  in Tab les  3 and  4 is tha t  perovsk i te  and  
h iboni te  condense  abou t  310 to 370 K h igher  
than  o ldhami te .  N in inge r i t e  MgS, which conceiv-  
ably could  also be  a host  for  R E E  and  ac t in ide  
sulfides,  does  not  fo rm unt i l  even lower  t e m p e r a -  

tures  of  about  1030 K (at 10 -3 ba r )  as a reac t ion  
p roduc t  of  fors te r i te  and  H2S(g).  As  shown in 
Tab le  5, all o f  the  R E E  and ac t in ides  have com- 
p le te ly  c o n d e n s e d  into solids by this t e m p e r a t u r e .  
The  lower  c onde nsa t i on  po in t  of  MgS and the 
fact  tha t  it is f o rmed  f rom fors te r i te  (which is not  
a favorable  R E E  host  phase )  ins tead  of  as a 
c o n d e n s a t e  f rom the  gas, may he lp  to expla in  why 
in fact  MgS is genera l ly  not  an impor t an t  R E E  
and ac t in ide  host  phase  in ens ta t i t e  chondr i tes .  

Trace element gas phase chemistry 

W e  ca lcu la t ed  R E E  and  ac t in ide  gas phase  
chemis t ry  f rom 1000 to 2000 K. The  resul ts  at  the  

TABLE 5 

50% condensation temperatures (K) for the REE and actinides 

Ideal Solid Solution in CaTiO 3 Ideal Solid Solut ion in CaS 
at C/O = 0.42 at C/O = 1.2 

(solar) (Carbon Abundance  Increased) 

loglo Total  Pressure (Bars) log~o Total  Pressure (Bars) 

Oxide -3 -6 -9 Sulfide -3 -6 -9 

CaTiO3 ~ 1687 1471 1303 CaSb 1379 1154 995 

La203 1628 1413 1253 LaS 1379 1166 b 1049 b 

Ce203 1551 1309 1130 CeS 1379 1183 b 1057 b 

Pr203 1627 1407 1239 PrS 1379 1154 1014 b 

Nd203 1651 1430 1264 NdS 1379 1154 1013 b 

Sm203 1654 1455 1282 SmS 1368 1147 990 

Eu203 1420 1249 1116 EuS 1360 1138 978 

Gd203 1687 1471 1303 GdS b 1418 1239 1093 

Tb203 1687 1471 1303 TbS 1379 1184 b 1048 b 

Dy203 1687 1471 1303 DyS 1379 1154 995 

Ho~O 3 1687 1471 1303 HoS 1379 1154 995 

ErzO 3 1687 1471 1313 a ErS 1379 1154 998 b 

Tm~O 3 1687 1471 1303 TmS 1376 1153 995 

Yb203 1575 1386 1238 YbS 1268 1067 922 

Lu20 ~ 1687 1471 1309 a Lu203 a 1387 1194 1045 
LuS 1379 1177 b 1043 b 

ThO 2 1687 1471 1303 ThN c 1481 1362 1251 

UO 2 1676 1440 1271 US/UC 1379 1240 d 1156 d 

PuO 2 1633 1435 1275 PuS 1378 1154 995 

a Condenses as a pure oxide. 
b Condenses as a pure sulfide. 
c ThN condenses instead of ThS. 

UC condenses instead of US at these pressures. 
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condensation temperatures of perovskite (Tcond = 
1687 K at 10 -3  bar and C / O  = solar), and old- 
hamite (Tcond = 1379 K at 10 -3  bar and C / O  = 
1.2) are illustrated in Fig. 1. The most important 

gases are the elemental, oxide, and sulfide gases. 
Fluorides and chlorides were also considered but 
their abundances are many orders of magnitude 
below 1% of the total. 
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Fig. 1. A comparison of the gas phase chemistry of the REE,  Th, U, and Pu at the condensation points of perovskite (1687 K, 
C / O  = 0.42) and of oldhamite (1379 K, C / O  = 1.2, carbon abundance increased) at 10 -3  bar total pressure. The bar graphs show 
the percentage of an element present  as elemental,  monoxide, dioxide, and sulfide gases. Note that the monoxide and dioxide gases 
become relatively less important at C / O  = 1.2 and that the elemental  and sulfide gases become relatively more important at 
C / O  = 1.2. Similar results are obtained if the R E E  monoxide data of Pedley and Marshall [58] are used instead of the data from 

[38,39]. 
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In general the results in Fig. 1 show that the 
oxide gases become less important  as the C / O  
ratio increases and that the elemental  and sulfide 
gases become more important.  Under  solar con- 
ditions, at 1687 K, only Eu, Tm, and Yb are 
dominantly present  as the elemental  gases. 
Samarium is present  as both Sm and SmO in 
approximately equal amounts. Otherwise the 
dominant gases are the monoxides. The only ele- 
ments where the dioxides are the most abundant 
gases are Ce, Th, and U. The monosulfide gases 
are less important.  

Under  more reducing conditions ( C / O  = 1.2), 
at 1379 K, the elemental  gases become more 
important for the heavy R E E  and Pu, while the 
monoxides are still the major gases for the light 
REE.  In this case Ce also follows the trend of the 
other light R E E  and CeOz(g) is unimportant.  
Only Th is mainly present  as the dioxide gas at 
the oldhamite condensation temperature,  whereas 
for U the monoxide gas becomes more stable. 
The monosulfide gases are the major species for 
Gd, Tb, and Lu. These elements are also the 
most refractory ones under  reducing conditions 
(see below). 

R E E  and actinide condensation 

Table 5 shows the 50% condensation tempera-  
tures for the R E E  and actinides dissolved in 
perovskite ( C / O  = solar) and in oldhamite ( C / O  
= 1.2) assuming ideal solid solution. Our per- 
ovskite condensation calculations agree with the 
previous results of Kornacki and Fegley [4]. The 
50% condensation temperatures  in Table 5 are 
given at 10 -3 , 10 - 6  , and 10 - 9  bar to illustrate 
pressure-dependent  trends. 

The R E E  fractionate much less at high C / O  
ratios than under  solar conditions. In a solar gas, 
Eu, Yb, and Ce have lower 50% condensation 
temperatures  than the other REE.  At C / O  = 1.2 
Eu and Yb are more volatile than the other R E E  
including Ce. In a solar gas the L R E E  generally 
condense after the heavy REE.  However, to a 
first approximation, at C / O  = 1.2 the light and 
heavy R E E  are equally refractory with 50% con- 
densation temperatures  identical or very close to 
the condensation tempera ture  of oldhamite. This 
trend is followed by the actinide sulfides which 
are also about as refractory as most of the REE.  

With decreasing pressure, more pure solid 
R E E  sulfides become stable and condense prior 
to oldhamite (Table 5). At 10 -3 bar pressure, 
only GdS condenses as a pure sulfide prior to 
oldhamite. At 10 -9 bar LaS, CeS, PrS, NdS, 
GdS, TbS, ErS, and LuS condense prior to old- 
hamite. In principle, this condensation behavior 
could serve as a cosmobarometer  for the total 
pressure, with the presence of sulfide grains rich 
in Gd, Tb, and other REE,  but poor in CaS 
indicating formation under  low nebular pres- 
sures. It is possible that the pure sulfides which 
condense prior to oldhamite may in fact form 
solid solutions with one another. The composi- 
tion of these solutions has not been modelled but 
ideal solid solution calculations could be done if 
there were observations indicating the presence 
of ultrarefractory R E E  sulfide grains in enstatite 
chondrites. 

The condensation behavior of Th, U, and Lu is 
slightly more complex than that predicted for the 
other elements. The available thermodynamic 
data, which are of uncertain quality for ThN and 
Th2N20,  show that ThN will be the first conden- 
sate at high C / O  ratios. As shown in Table 5, at 
10 -3 bar ThN condenses about 100 K higher 
than oldhamite. This difference increases to about 
250 K at 10 - 9  bar, but decreases to about 10 K at 
10 -2 bar. Thorium oxynitride (Th2N20)  and tho- 
ria (ThO 2) are also predicted to be more stable 
than ThS, but they are not as stable as ThN. 
Uranium monosulfide is the initial condensate at 
10 -3 bar but UC is predicted to be the initial 
condensate at lower pressures (~< 10 - 6  bar). Over 
the entire pressure range studied, Lu203 is pre- 
dicted to condense a few degrees before LuS 
condensation into oldhamite occurs. This small 
difference is within the combined uncertainties of 
the thermodynamic data and may not be signifi- 
cant. 

In principle, the condensation of Th as ThN 
and of U as either US in CaS or as UC could lead 
to T h / U  fractionations at high C / O  ratios. Any 
potential fractionation may be minimized by solid 
solution between ThN, UC, and CaS, all of which 
have the NaCI structure. At present not enough 
data on the relevant phase diagrams and on diffu- 
sion coefficients are available to make any unam- 
biguous predictions in this area. However, at 
pressures of 10 -3 to 10 -9 bar, ThN is predicted 
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to condense about 100 K higher than either US 
dissolved in CaS or than UC. This temperature  
difference could lead to T h / U  fractionation. 

As noted above, the REE fractionate less in a 
gas with a high C/O ratio than in the solar gas 
because most of the R E E  and the actinides will 
condense into oldhamite within a few degrees of 
CaS condensation. With a few exceptions, any 
fractionation between the R E E  and actinides 
could only be produced by removing an old- 
hamite grain from equilibrium with the nebular 
gas within a very small temperature  interval after 
it first condensed. The oldhamite grain would 
then be most enriched in the most refractory 
R E E  and actinides, and the remaining gas would 
be enriched in the less refractory R E E  and ac- 
tinides. This postulated process is in fact analo- 
gous to the generally accepted mechanism pro- 
posed for the formation of the  R E E  patterns 
observed in the ultrarefractory and the comple- 
mentary Group II  inclusions in CAIs [59,60]. We 
therefore decided to model the formation of an 
ultrarefractory oldhamite in a gas with a C / O  
ratio greater than unity. 

Figure 2 and Table 6 present the results of the 

calculations. Figure 2 shows the fractions of the 
R E E  and actinides condensed into CaS at 1378.6 
K, just 0.1 K lower than the condensation tem- 
perature of oldhamite. The uncertainties in the 
calculated fractions condensed are illustrated by 
the dashed lines. Table 6 lists the same informa- 
tion and also shows the corresponding gas/sol id  
distribution coefficients (D). The D values are 
related to the fraction condensed (a )  via the 
equation D(gas/sol id)  = (1 - a)/a. 

The uncertainties in the Gibbs free energies 
for the solid R E E  and actinide monosulfides (Ta- 
ble 2) and for the dominant R E E  and actinide 
gases (Fig. 1) were quadratically combined in 
order to estimate the uncertainties for the differ- 
ent possible condensation reactions of the R E E  
and actinides: 

M(g) + H i S ( g  ) = MS(s) + H i ( g  ) (9) 

m O ( g )  + H i S ( g  ) = MS(s) + H i O ( g  ) (10) 

MO2(g ) + H2S(g ) + H2(g ) 

= MS(s) + 2 H 2 0 ( g  ) (11) 
MS(g) = MS(s) (12) 

These calculations show that the largest uncer- 
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Fig. 2. The fraction of the REE and actinides which are predicted to condense into oldhamite at 1378.6 K, 0.1 ° below the CaS 
condensation point (P = 1 0  - 3  bar, C/O = 1.2, carbon abundance increased). The dashed lines represent the range allowed by the 
uncertainties in the thermodynamic data in the condensation reactions (see text and Table 2). The classification for highly 

refractory, refractory and volatile elements derived from this graph is also given in Table 6. 
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TABLE 6 

Percent of REE and actinide monosulfides condensed into CaS and the corresponding gas/solid distribution coefficients (D) a 

% Condensed Range % Condensed b D (Gas/Solid) 

highly refractory 
Gd 99.96 99.91 - 99.98 c 0.0004 

Lu 99.86 99.72 - 99.93 0.0014 

Tb 99.84 99.56 - 99.94 0.0016 

Th 99.81 99.54 - 99.92 0.0019 

refractory 
Ce 98.0 96.7 - 98.8 0.020 

U 96.0 94.0 - 97.3 0.042 

La 95.9 92.5 - 97.9 0.043 

Pr 95.2 90.3 - 97.7 0.050 

Er 94.4 80.2 - 98.6 0.059 

Nd 89.2 97.1 - 67.0 0.12 

Ho 77.0 44.8 - 93.3 0.30 

Dy 51.5 20.4 - 81.5 0.94 

volatile 
Pu 14.8 6.7 - 29.5 5.8 

Tm 1.6 0.4 - 6.5 62 

Sm 0.33 0.08 - 1.4 300 

Eu 0.15 0.09 - 0.24 670 

Yb 0.0006 0.0001 - 0.0031 166700 

a The calculations are done at 1378.6 K, 0.1 K below the oldhamite condensation point (P = 1 0  - 3  bar and C/O = 1.2, carbon 
abundance enhanced) in order to illustrate fractionations among the highly refractory and refractory REE and actinides. 

b The range in percentage condensed corresponds to the uncertainties in the thermodynamic data for the condensation reactions. 
c At P = 1 0  - 3  bar, GdS condenses as pure sulfide prior to oldhamite at 1418 K. 

taint ies  are always associated with react ion (12) 
and range  from 23.6 k J / m o l e  for Eu  to 77.7 
M / m o l e  for Yb at 1378.6 K. We  therefore  used 
the uncer ta in t ies  for react ion (12) to calculate the 
uncer ta in t ies  given in Fig. 2. 

Figure  2 and  Table  6 show that  except for Sm, 
Eu,  Tm, and Yb, the R E E  are so refractory that  
they are fully condensed  into o ldhamite  almost  as 
soon as it forms. This implies that  in a gas with a 
high C / O  ratio any ul t rarefractory condensa tes  
would be much  less f rac t ionated than  their  more  
oxidized counterpar t s  found  in O r n a n s  and  other  
carbonaceous  chondri tes  [5,60]. Assuming  con- 
densa t ion  of the act inides as sulfides and  neglect-  
ing o ther  possible prior condensates ,  Th  and  U 
are also fully condensed  into o ldhami te  as soon 
as it forms and  the same is also t rue for Pu within 

the uncer ta in t ies  of the the rmodynamic  data. We  
classified the R E E  and act inides into three cate- 
gories based on their  volatility and condensa t ion  
behavior  at high C / O  ratios. 

(1) Highly refractory elements 
At 10 -3 bar, the most  refractory R E E  are Gd, 

Tb, and  Lu, which are fully condensed  at 0.1 K 
below the condensa t ion  t empera tu re  of old- 
hamite.  As shown in Table  6, their  fractions con- 
densed  are in the range of 99.5 to 100.0% and 
their  gas / so l id  dis t r ibut ion coefficients range 
from 0.0004 to 0.002. The i r  major  gases at the 
o ldhamite  condensa t ion  point  are the monosul -  
fides. At  10 -3 bar  pure  GdS condenses  at 1418 
K. At  lower pressures pure  TbS and  LuS also 
condense  prior  to CaS (see Table  5). 
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(2) Refractory elements 
The light REE,  Dy, Ho, Er, U, and Th are also 

almost fully condensed at 0.1 K below the con- 
densation temperature  of oldhamite by forming 
solid solutions. These elements have 50% con- 
densation temperatures > 1378 K. However, they 
are clearly less refractory than the group above 
because of their smaller fractions condensed and 
larger gas/sol id  distribution coefficients. Table 6 
also shows that the uncertainties in the thermo- 
dynamic data generally lead to small errors, usu- 
ally only a few percent in the fraction condensed. 
The exceptions are Ho and Dy where uncertain- 
ties in the fractions condensed range from 45 to 
93% (Ho) and 20 to 82% (Dy). The most abun- 
dant compounds in the gas phase are the monox- 
ides for the light R E E  (La-Nd) ,  and the 
monatomic gases for Dy, Ho, and Er. The more 
refractory behavior of Ce and U at C / O  = 1.2 is 
in contrast to their more volatile behavior in a 
solar gas. Only Th is mainly present as the diox- 
ide gas at the condensation temperature  of old- 
hamite. 

(3) Volatile elements 
Sm, Eu, Tm, and Yb fractionate strongly from 

the other REE because of their greater volatility 
under these highly reducing conditions, with Yb 
and Eu being the most volatile R E E  (see Table 
6). Plutonium is slightly more volatile than U or 
Th. The elements in this category have 50% 
condensation temperatures below that of old- 
hamite, however, the 50% condensation tempera-  
tures of Tm (1376 K) and Pu (1378) are still very 
close to the oldhamite condensation temperature  
(1379 K). There are two reasons for including Tm 
and Pu in this category. First, the fractions con- 
densed for Tm and Pu are lower than those of 
any element in the refractory group (although 
there is some overlap between the upper  limit for 
Pu and the lower limit for Dy). Second, Tm and 
Pu have gas/sol id  distribution coefficients larger 
than any of the refractory elements (although Pu 
is again closer to Dy than any other element in 
the volatile group). Whereas the refractory ele- 
ments are about 50-100% condensed at this tem- 
perature,  the more volatile elements are < 20% 
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Fig. 3. Predicted REE and actinide enrichments in CaS as a function of condensation temperature at 10 3 bar and C / O  = 1.2 
(carbon abundance increased). The enrichment factors are normalized to CI-chondrite abundances [20]. Note that enrichments of 
about 100 times C]-chondritic, which have been reported by Larimer and Ganapathy [11] and by Lundberg et al. [13] correspond to 
condensation at temperatures  of about 1360 K. The much higher enrichments of 10,000 times C]-chondritic, which are predicted 
for REE condensation into CaS as soon as it forms have not yet been reported in meteoritic samples. This ultrarefractory 
component  is analogous to the ultrarefractory component  found in Ornans  [60] which has REE enrichments of  about 10,000 times 

CI-chondrite for some refractory lithophiles (Lu, Er) and some refractory siderophiles (Ir, Re, Os). 
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condensed (see Fig. 2 and Table 6). A third 
distinction is that all of the volatile elements are 
mainly present in the gas phase as monatomic 
gases. 

Predicted REE and actinide abundance patterns 
in oldhamite 

Calcium condensation starts when oldhamite 
forms at 1379 K and continues to 1280 K, when 
all Ca is in CaS. The calculated fraction of Ca 
condensed was combined with the REE and ac- 
tinide condensation calculations to predict the 
CI-chondrite normalized REE and actinide con- 
centrations in oldhamite grains isolated from the 
nebular gas at different temperatures (Fig. 3). 

At 1378.6 K, 0.1 K below the oldhamite con- 
densation point, 0.28% of all Ca is condensed as 
CaS and condensation of the refractory REE 
results in an enrichment of about 22,000 times 
the CI-chondritic abundances. The REE pattern 
shows significant depletions in Yb, Eu, Sm, and 
Tm. Plutonium is also depleted relative to Th and 
U. When the temperature drops to 1377.5 K, 
where about 6% of total Ca is condensed, the 
overall shape of the pattern remains the same. 
However, the enrichments of the refractory REE 
are lowered to around 1000 times CI because of 
dilution from the additional CaS. The Eu and Yb 
enrichment factors are about 50 times CI and 
about 0.6 times CI, respectively. At 1360 K, about 
20 K below the oldhamite condensation point, 
~ 60% of all Ca is condensed, further diluting 
the refractory R EE abundances to 100 times CI. 
There is almost complete condensation of Sm 
and Eu into oldhamite at this point. The old- 
hamite R EE  pattern is basically flat and displays 
a Yb depletion accompanied by a much smaller 
Eu depletion. At about 1280 K all Ca is con- 
densed as CaS and the REE abundance in old- 
hamite is about 62 times CI. Complete condensa- 
tion of Yb into oldhamite finally takes place at 
about 1200 K. This is over 100 K above the 
temperature where anorthite and diopside are 
predicted to form by reaction of oldhamite with a 
carbon-rich nebular gas. 

Five basic types of REE patterns are predicted 
by the condensation calculations at high C / O  
ratios. These patterns are listed below along with 
the analogous R EE patterns in CAIs [5]. 

(1) Otherwise flat patterns with Yb and Eu 
depletions. These can be produced by removing 
oldhamite from equilibrium with the gas at high 
temperatures. This pattern is analogous to the 
Group III pattern in CAIs. 

(2) Otherwise flat patterns with only a Yb 
depletion. These are produced by removing an 
oldhamite grain from equilibrium with the gas at 
high temperatures where Eu is fully condensed 
into oldhamite but the more volatile Yb is not. 
There is no analogous REE pattern in CAIs. 

(3) Flat REE patterns in oldhamite grains 
which equilibrated with the nebular gas down to 
temperatures where all REE condensed out. The 
temperature required for full condensation of all 
REE into oldhamite is about 100 K higher than 
the temperature where oldhamite will react to 
form diopside or anorthite. The analogous pat- 
tern in CAIs is the Group V pattern. 

(4) and (5) Complementary patterns to the first 
two cases. These patterns have either Yb ex- 
cesses, or Eu and Yb excesses, like the analogous 
Group VI pattern in CAIs. These patterns result 
when Eu and Yb remaining in the gas (after 
condensation of the more refractory REE) con- 
dense into REE-bearing oldhamites with flat pat- 
terns. This occurs by mixing gas and grains from 
different nebular reservoirs. This model is di- 
rectly analogous to that discussed for producing 
the Group VI patterns in CAIs [61]. 

Comparison of predicted and observed REE pat- 
terns 

The published REE patterns in oldhamites 
from primitive enstatite chondrites (EH 3 /4 )  fall 
into three categories: (1) relatively unfractionated 
fiat patterns, (2) relatively unfractionated fiat pat- 
terns with Yb excesses, and (3) relatively unfrac- 
tionated flat patterns with both Yb and Eu ex- 
cesses (patterns A to D of Lundberg et al. [13]). 
However, no patterns with Yb depletions or with 
Yb and Eu depletions have been observed. All of 
the observed patterns can be explained by REE 
condensation into oldhamite and subsequent re- 
moval of the CaS grains from equilibrium with 
the nebular gas. 

The unfractionated pattern "A"  with LREE 
abundances about 80-90 times CI and H R E E  
abundances of about 60 times CI can be pro- 



138 K. L O D D E R S  A N D  B. F E G L E Y  

duced by equilibration of an oldhamite grain with 
the nebular gas down to temperatures where the 
REE are completely condensed (case 3 above). 
A.M. Davis [pers. commun., 1992] suggests that 
the apparent LREE enrichment in pattern "A"  
may be an artifact due to the use of perovskite 
standards and sensitivity factors for ion probe 
analyses of REE in sulfides coupled with possible 
systematic differences between oxide and sulfide 
ion yields that vary smoothly with atomic number. 
If this is so, then the match between the observed 
pattern "A"  and the predicted case (3) is im- 
proved. Oldhamites displaying patterns with ei- 
ther Yb or Yb and Eu excesses, and abundances 
of 70-40 times CI for the LREE to H R E E  (pat- 
terns "B"  and "C"  of Lundberg et al. [13]) fall 
into our categories (4) and (5) above. They are 
probably CaS grains which formed at a low tem- 
perature where all the REE in one nebular reser- 
voir completely condensed into oldhamite. The 
Yb or Yb and Eu excesses result when additional 
Yb or Yb and Eu from another nebular reservoir 
condense into the grains with flat patterns. Either 
gas or grain transport can cause this. This process 
is analogous to that postulated for the origin of 
the Group VI and Group I REE patterns in 
CAIs. The type "D"  pattern is an extreme exam- 
ple of cases (4) and (5) discussed above. The 
slightly higher Sm and Tm enrichments relative 
to the other REE are due to their slightly greater 
volatility (Table 5). The match between the ob- 
served pattern "D"  and the predicted patterns 
(4) and (5) would improve if the LREE abun- 
dance trend were an artifact as suggested by 
Davis (see above). 

Lundberg and coworkers also report patterns 
displaying REE enrichment factors of about 500 
times CI with Eu depletions often accompanied 
by Yb excesses (pattern "E") .  However, this type 
of pattern is only observed in weathered samples 
from the Antarctic. The high REE enrichments 
may be artifacts, because the reported REE pat- 
tern is based on measured R E E / C a  ratios and 
the assumption that the phase analyzed is stoi- 
chiometric oldhamite. Solubility studies show that 
Ca is more likely to be removed from oldhamite 
by aqueous weathering than the REE [62]. There- 
fore, Ca removal would cause a relative enrich- 
ment of the REE. Aqueous weathering can also 
easily account for the observed Eu depletion in 

Type " E "  oldhamites because Eu is the most 
leachable of the REE elements from aubrites and 
certainly also from enstatite chondrites [62]. For 
example, Lodders and Palme [62] showed that a 
water leach removes about 20% of total Ca, 13% 
of total Eu, and < 5% of total Yb and Lu from 
the Pefia Blanca Spring aubrite, while the other 
REE require more acidic solvents to be leached. 
Based on leaching studies of the REE and Ca 
from enstatite chondrites [6], Sears et al. [16] also 
concluded that Ca is probably more easily leached 
from oldhamite than are the REE. On the other 
hand, Floss et al. [63] measured a suite of similar 
REE patterns in weathered and unweathered 
oldhamites in the Bishopville and Bustee aubrites. 
Based on these data they argued that terrestrial 
weathering effects will not alter fractionated REE 
abundance patterns in meteoritic oldhamites. 
However, without knowing whether or not the 
weathering took place in the presence of liquid 
water, which presumably could remove the more 
easily leachable REE, or only in the presence of 
atmospheric water vapor, which presumably could 
not remove any non-volatile elements, it is diffi- 
cult to determine if the conclusions of Floss et al. 
[63] are in conflict with the results of the experi- 
mental leaching studies of Shima and Honda [6] 
and Lodders and Palme [62]. 

In addition to the REE patterns described 
above, oldhamite in more equilibrated enstatite 
chondrites (EL6) displays REE enrichments about 
100 times CI, except for Eu which is enriched 
only 20 times CI [12]. From our calculations it is 
apparent that an Eu depletion will always be 
accompanied by a Yb depletion, if the observed 
pattern is solely due to nebular condensation. 
However, in these samples, Yb is as enriched as 
the other HREE.  The large enrichments of the 
refractory REE and Yb suggest that all the REE  
condensed fully into oldhamite and then, later 
on, thermal metamorphism led to a redistribution 
of Eu. Since albitic plagioclase is a major con- 
stituent of enstatite chondrites [64] and Eu shows 
preferential partitioning into plagioclase, Eu loss 
from oldhamite is easily envisioned. Thus we 
suggest that the REE patterns characterized by 
Eu depletions are due to thermal metamorphism. 

Larimer and Ganapathy [11] reported neutron 
activation analyses for some of the REE in old- 
hamites from a chondrule in Indarch (EH4) and 



LANTHANIDE AND ACTINIDE CHEMISTRY AT HIGH C / O  RATIOS IN T H E  SOLAR NEBULA 139 

from the matrix in Yilmia (EL6). However, be- 
cause of the generally small sample sizes, they 
were only able to obtain partial REE patterns. 
Both samples display relatively unfractionated 
REE patterns with L R E E  abundances about 
100-300 times CI and the H R E E  abundances 
about 30-40 times CI. The reported pattern in 
Indarch is broadly consistent with other analyses 
of oldhamites in Indarch [12]. Both patterns 
probably formed by complete or almost complete 
RE E  condensation into oldhamite at low temper- 
atures (about 1280 K at 10 -3 bar total pressure). 
The high concentrations of volatile Cs, Sb, and 
Zn in these oldhamites indicate vapor-solid equi- 
librium down to even lower temperatures because 
these volatile elements will not condense until 
after all REE are out of the gas [11]. 

Uranium and Th in oldhamite from primitive 
and more equilibrated enstatite chondrites are 
enriched 30-50 times CI [8,14]. Murrell and Bur- 
nett [14] also found essentially unfractionated 
T h / U  ratios ranging from ~ 3.5 (in Abee, EH4) 
to ~ 4.2 (in St. Mark's, EL5). These results are 
consistent with the calculations illustrated in Fig. 
3 which predict actinide enrichments of about 60 
times CI-chondritic in CaS at 1280 K and unfrac- 
tionated T h / U  ratios in oldhamites formed be- 
low about 1377 K, if both Th and U condensed 
into CaS. As mentioned earlier, Th is predicted 
to condense as ThN over the 10 -3 to 10 - 9  bar 
pressure range and U is predicted to condense as 
UC at pressures ~< 10 - 6  bar. However, at 10 -2 
bar there is only a 10 K difference between the 
ThN and ThS (dissolved in CaS) condensation 
temperatures. This small interval is within the 
uncertainties of the thermodynamic data for ThS 
and ThN and thus it is possible that ThS will 
actually condense at this pressure. Even if this 
does not occur, the similar crystal structures of 
ThN and CaS will probably lead to mutual solid 
solution. 

The origin of oidhamite in enstatite chondrites 

Up to this point we have implicitly assumed 
that the REE-rich oldhamites found in enstatite 
chondrites formed by condensation from an oth- 
erwise solar gas with an enhanced C / O  ratio. 
This assumption is shared by other workers [e.g., 
11]. However, it is also possible that at least some 

of the oldhamite grains in enstatite chondrites 
may have formed by the sulfurization of pre-exist- 
ing Ca-bearing solids in the solar nebula or by 
metamorphic reactions on the meteorite parent 
body. However, we will show that condensation 
of oldhamite at enhanced C / O  ratios in the solar 
nebula is the most plausible origin of the REE- 
rich oldhamites found in enstatite chondrites. 

Arguments against oldhamite formation by sulfur- 
ization reactions in the solar nebula 

Larimer's calculations [1,2] showed that a new 
suite of reduced carbide, nitride, and sulfide min- 
erals appears in the condensation sequence as 
the C / O  ratio is increased from the solar value 
to values of one and above. Initially these miner- 
als form by the reduction of pre-existing oxide 
and silicate phases, but later as the C / O  ratio 
increases to unity, they become the initial con- 
densates. In the case of CaS, there are several 
possible routes for forming it from pre-existing 
Ca-bearing phases in the solar nebula at the 
intermediate C / O  ratios where CaS is stable but 
is not an initial condensate. 

Larimer et al. [2,11] noted that CaS could be 
formed from perovskite by the reaction: 

CaTiO 3 + H2S(g ) + ½N2(g) + 2H2(g ) 

= CaS + TiN + 3HzO(g ) (13) 

or be produced from diopside via the reaction: 

CaMgSi206 + H2S(g ) + Mg(g) 

= GaS + 2MgSiO 3 + H2(g ) (14) 

The former reaction can only form a few per- 
cent of the total oldhamite found in enstatite 
chondrites because of the small T i / C a  solar 
abundance ratio of about 4 atom% [11]. Further- 
more, we find that N 2 fugacities of ~ 0.01 bar 
are required for this reaction. This is about 105 
times larger than the N 2 fugacity at 10 -3 bar 
pressure in the solar nebula. Likewise reactions 
forming CaS and TiC from perovskite or CaS and 
AIN from hibonite are also thermodynamically 
unfavorable under nebular conditions because of 
the high CO or N 2 fugacities involved. These 
reactions are probably also kinetically inhibited 
because they involve breaking either the N 2 triple 
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bond to form TiN or AlN or involve breaking the 
CO triple bond to form TiC. 

Reaction (14), the sulfurization of diopside to 
CaS and enstatite is thermodynamically favorable 
within the enstatite stability field. However, this 
reaction cannot produce REE-rich oldhamite for 
two reasons: (1) all the REE have already con- 
densed into perovskite or hibonite well above the 
temperature at which oldhamite is predicted to 
form by diopside sulfurization, and (2) diopside is 
not a favorable REE host phase. 

We also considered fassaite which is the major 
REE host phase in some Type B CAIs [65]. No 
thermodynamic data are available for fassaite and 
thus it is not possible to calculate whether or not 
it is a condensate or if fassaite will actually con- 
vert to oldhamite under high C / O  ratios in the 
solar nebula. The REE patterns in fassaites stud- 
ied by Simon et al. [65] are characterized by large 
Eu depletions and increasing enrichments from 
the LR EE to HREE.  However, these patterns 
have not been found in oldhamites in enstatite 
chondrites and therefore derivation of these old- 
hamites from pre-existing fassaite is unlikely. 

If REE-rich oldhamite were produced by the 
sulfurization of perovskite or hibonite, the sec- 
ondary oldhamite would inherit the REE pattern 
of the original host phase. As noted above, old- 
hamite production from these phases is thermo- 
dynamically implausible. Nevertheless, we investi- 
gated whether or not any of the REE patterns 
observed in oldhamite could have been produced 
by REE condensation into perovskite or hibonite, 
followed by sulfurization of these phases to form 
CaS. We calculated the 50% condensation tem- 
peratures of the REE at C / O  ratios of 0.9-1.0, 
where perovskite and hibonite form prior to CaS. 
The resulting REE patterns have small Ce deple- 
tions and larger, approximately equal sized Eu 
and Yb depletions. These patterns are unlike 
those reported in oldhamites in enstatite chon- 
drites. 

Alternatively, oldhamite may have formed by 
the sulfurization of whole CAIs or chondrules. In 
the former case, assemblages composed of old- 
hamite, niningerite, quartz, and corundum are 
predicted. These are not observed in enstatite 
chondrites. In the latter case, the REE in the 
chondrule will be divided between the niningerite 
and oldhamite which form from the sulfurization. 

Also, low REE enrichments of only a few times 
chondritic in the niningerite and oldhamite, cor- 
responding to the generally low enrichments of 
REE in chondrules will probably be found. 
Therefore, these alternatives are also implausi- 
ble. 

Arguments against oldhamite formation by meta- 
morphic reactions on meteorite parent bodies 

It is very unlikely that oldhamite formed by 
metamorphic reactions on a meteorite parent 
body [11]. Oldhamite formation by metamor- 
phism requires the reduction of Ca-bearing ox- 
ides a n d / o r  silicates. This reaction is driven to- 
ward CaS by either a high sulfur fugacity or a low 
oxygen fugacity. However, the sulfur fugacity in 
both the ordinary and enstatite chondrite parent 
bodies was probably buffered by Fe-FeS.  Thus 
the driving force for CaS formation must be the 
low oxygen fugacity and not the high sulfur fugac- 
ity [11]. Otherwise, CaS would also be found in 
ordinary chondrites, which is not the case. But an 
oxygen fugacity low enough to reduce CaO (in an 
oxide or silicate phase) to CaS will also easily 
reduce Mg and Si. Although a small fraction of 
Mg and Si are present in reduced form (e.g., 
MgS, Si in metallic Fe) they are dominantly 
(>  90%) present as MgSiO 3. 

The possible formation of CaS by metamor- 
phic reactions is also contradicted by the work of 
Petaev [66] who showed the lack of any statisti- 
cally significant correlation between the CaS 
abundance and metamorphic type. If CaS were 
formed during metamorphism, its abundance 
would be expected to be higher in the more 
metamorphosed and more equilibrated EL6 
chondrites. However, this is not the case. 

The high REE enrichments found in old- 
hamite present another problem. Oldhamite is 
present at about the 1% level in enstatite chon- 
drites, yet it contains all, or nearly all, of the 
REE in these meteorites. If the CaS were a 
secondary phase formed on the parent body, a 
process to efficiently remove all the REE from all 
other host phases and to concentrate the REE 
into oldhamite has to be postulated. In this case 
the original REE host phase is presumably an- 
other refractory mineral such as perovskite or 
hibonite. The survival of these minerals in CAIs 
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is due to their ability to withstand destructive 
chemical reactions in the hot ( >  1500 K) nebular 
gas. If these minerals can withstand attack by the 
hot, corrosive nebular gas, then it is unlikely that 
they will react away during the much milder 
temperatures experienced during metamorphism 
on meteorite parent bodies. 

Finally, the analytical results of Larimer and 
Ganapathy [11] also argue against metamorphic 
incorporation of the REE into oldhamite. They 
found that the R EE were more enriched in CaS 
from Indarch, a primitive EH4 chondrite, than in 
CaS from Yilmia, a more equilibrated EL6 chon- 
drite. The decreasing abundance of Mg and the 
increasing abundance of Mn in the two oldhamite 
samples also followed the trend observed in going 
from low to high petrologic type [64]. This is the 
opposite of what would be expected if metamor- 
phic reactions were responsible for incorporating 
the REE into oldhamites in enstatite chondrites. 
Thus, the available analytical data and funda- 
mental theoretical considerations argue against a 
metamorphic origin for REE-rich oldhamites in 
enstatite chondrites. 

Oldhamite condensation at high C / 0  ratios in the 
solar nebula 

The arguments discussed above strongly sug- 
gest that oldhamite in enstatite chondrites did 
not form by the reactions of pre-existing conden- 
sates with nebular vapor or by metamorphic reac- 
tions on meteorite parent bodies. Instead, the 
most plausible origin for the REE-rich old- 
hamites found in enstatite chondrites is conden- 
sation at high C / O  ratios in the solar nebula 
[1-3,111. 

There are basically two ways to increase the 
C / O  ratio of nebular gas above the solar value: 
by removing oxygen or by adding carbon. Mass 
balance dictates that to a good first approxima- 
tion, most of the oxygen in the nebular gas was in 
the form of H 2 0  ( ~  58%) and CO ( ~  42%). 
Other gaseous species such as OH and O only 
become important at higher temperatures above 
the condensation point of CaS, while the thermo- 
dynamically favorable conversion of CO to C H  4 

at lower temperatures is kinetically inhibited over 
the lifetime of the solar nebula [67,68]. Once 
appreciable amounts of silicates such as enstatite 

condense, about 13% of the total oxygen is tied 
up in rocky material and thus increases the C / O  
ratio in the nebular gas. However, the resulting 
increase is small ( C / O  increases from ~ 0.42 to 
~ 0.46), and it does not take place until silicate 
condensation occurs at temperatures below the 
formation point of graphite, SiC, TiC, and many 
of the other unusual minerals. Thus, another 
process is necessary if large amounts of oxygen 
are to be removed from the nebular gas. 

One possible process is condensation of water 
ice [69]. Stevenson and Lunine [70] recently mod- 
elled the diffusive redistribution of water vapor in 
the solar nebula while nebular gas was still pre- 
sent. They calculated profiles showing the water 
vapor abundance as a function of time and dis- 
tance (R) in the inner solar nebula (R ~< 5 A.U.). 
As noted by Fegley and Prinn [68], desiccation of 
the inner solar nebula leads to high C / O  ratios 
in the gas phase. Oldhamite and the other re- 
duced minerals found in enstatite chondrites can 
then form. Depending on the timing of the diffu- 
sive transport of HzO(g) more or less enstatite 
chondrite-like material can be produced in the 
inner solar nebula. In fact, enstatite chondrites 
make up only ~ 1% (by number, less by mass) of 
all chondrites in museum collections, so the diffu- 
sive transport process could have occurred rela- 
tively late during the nebular lifetime. 

An alternative mechanism to increase the C / O  
ratio is the vaporization of carbonaceous dust 
[2,3,11]. This suggestion is supported by the dis- 
covery of interstellar graphite and SiC grains in 
chondrites [71,72]. Interstellar carbonaceous dust 
was definitely present in the solar nebula and 
some small fraction survived vaporization and 
destruction in the nebular gas. However, the 
amounts of interstellar SiC and graphite found, 
typically a few ppm to a few tens of ppm by mass, 
are substantially lower than the estimated mass 
fractions of ~ 14% (for graphite) to ~ 39% (for 
graphite + amorphous carbon + polyaromatic hy- 
drocarbons (PAHs) + organic refractories) for the 
different types of carbonaceous dust ejected into 
the interstellar medium at the present time [73]. 
Assuming a similar abundance of carbonaceous 
material in interstellar dust 4.56 billion years ago, 
this discrepancy suggests that the amount of car- 
bonaceous dust accreted by the solar nebula may 
have been much larger than the amounts presently 
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observed in primitive meteorites. If  so, then the 
vaporization of large amounts of carbonaceous 
dust may have produced nebular regions having 
enhanced C / O  ratios. In any case, the evidence 
for the postulated vaporization of carbonaceous 
dust in the solar nebula is now stronger than it 
was prior to the discovery of interstellar SiC and 
graphite in meteorites. 

Finally, we consider oldhamite formation by an 
evaporative process in the solar nebula. For ex- 
ample, the nucleosynthetic isotopic anomalies in 
Ca and Ti in some hibonite grains from CM2 
chondrites suggest that these CAIs are evapora- 
tive residues [5]. If  these inclusions had been 
formed by condensation, then the nucleosynthetic 
anomalies would not be present because the Ca 
and Ti isotopes would have been homogenized in 
the nebular gas prior to condensing out as a 
hibonite grain. However, the few available data 
on the Ca isotopic composition of oldhamites 
show ~48Ca values ranging from - 3  to - 7 % o  
[13], which are about an order of magnitude 
smaller than the 4SCa nucleosynthetic anomalies 
(both positive and negative) observed in the CM2 
hibonites. The smaller isotopic anomalies in the 
oldhamites do not provide as strong a motivation 
for proposing an evaporative origin of the old- 
hamites in which they occur. 

Conclusions 

We calculated R E E  and actinide condensation 
into oldhamite (CaS), which is the major R E E  
and actinide host phase in the highly reduced 
enstatite chondrites. The major results are: 

(1) We confirm the trends reported by Larimer 
et al. [1,2] for the cosmochemical behavior of the 
major elements as a function of C / O  ratio in an 
otherwise solar gas. Oxide and silicate condensa- 
tion temperatures  decrease with increasing C / O  
ratio, dropping sharply at C / O  ratios > 0.9. At 
C / O  ratios >/1, carbides, nitrides, and sulfides 
replace oxides and silicates as the initial conden- 
sates of the major elements. 

(2) We find that most of the REE,  Th, U, and 
Pu condense fully into oldhamite as soon as it 
condenses. This occurs at about 1379 K for a 
C / O  ratio of 1.2 and a total pressure of 10 -3 bar. 
The exceptions are Yb and Eu, which are the 
most volatile R E E  under these highly reducing 

conditions. Ce is as refractory as the other LREE.  
This is in contrast to a solar gas, where Ce is 
more volatile than the L R E E  and many other 
refractory lithophiles [4]. 

(3) The pressure dependence of R E E  and ac- 
tinide condensation into oldhamite over the 10 -3 
to 10 -9 bar range was compared to R E E  and 
actinide condensation in a solar gas over the 
same pressure range. At the same total pressure, 
perovskite and hibonite, two major R E E  and 
actinide host phases in CAIs, condense at tem- 
peratures about 310 to 370 K higher than CaS 
does. As a consequence of this, the REE and 
actinides have lower 50% condensation tempera-  
tures at C / O  = 1.2 than at the solar C / O  ratio of 
0.42. Furthermore,  R E E  patterns formed at high 
C / O  ratios are much less fractionated than their 
counterparts formed in a solar gas. 

(4) Five basic types of R E E  abundance pat- 
terns in oldhamite formed at high C / O  ratios are 
predicted: (i) Otherwise flat patterns with deple- 
tions in Yb and Eu. (ii) Otherwise flat patterns 
with only a Yb depletion. (iii) Flat R E E  patterns 
in oldhamite grains which equilibrated with the 
nebular gas down to temperatures where all R E E  
condensed out. The temperature  required for full 
condensation of all R E E  into oldhamite is about 
100 K higher than the temperature  where old- 
hamite will react to form diopside or anorthite. 
(iv) and (v) Complementary patterns to the first 
two cases. These patterns exhibit either Yb ex- 
cesses, or Eu and Yb excesses. 

(5) A comparison of the predicted R E E  pat- 
terns and the observed patterns reported in the 
literature [11-13] shows that all of the observed 
patterns can be explained in terms of condensa- 
tion at high C / O  ratio in an otherwise solar gas. 
The observed patterns fall into 3 of the 5 cate- 
gories listed above. No patterns which match the 
first two types (i.e., those with either Yb and Eu 
or only Yb depletions) have been reported in the 
literature. 

(6) The observed Th and U enrichments and 
ratios in oldhamites from enstatite chondrites are 
also consistent with our condensation calculations 
at high pressures of about 10 -2 bar. At lower 
pressures the predicted condensation of Th as 
ThN and of U as either US in CaS or as pure UC 
may lead to T h / U  fractionations. The lack of 
such fractionations in enstatite chondrites may 
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i n d i c a t e  e i t h e r  c o n d e n s a t i o n  at t h e  r e l a t ive ly  h igh  

p r e s s u r e  o f  10 -2  b a r  o r  s o l i d  so lu t i on  o f  t h e  

i so s t ruc tu r a l  (NaC1) T h N ,  U S ,  a n d  U C  p h a s e s  
f o r m e d  at  l o w e r  p re s su re s .  T h e  l ack  o f  d a t a  on  

the  p h a s e  d i a g r a m s  of  t h e s e  spec ies  a n d  on  di f fu-  

s ion  c o e f f i c i e n t s  fo r  T h  a n d  U in t h e s e  p h a s e s  

p r e c l u d e s  m o r e  de f i n i t i ve  p r e d i c t i o n s  at  th is  t ime .  

(7) W e  a n d  o t h e r s  [11] p r e s e n t  e v i d e n c e  show-  

ing "that c o n d e n s a t i o n  f r o m  an  o t h e r w i s e  so lar  gas  

wi th  a C / O  ra t io  >/1 is t h e  m o s t  p l aus ib l e  o r ig in  

for  t he  R E E - r i c h  o l d h a m i t e s  f o u n d  in e n s t a t i t e  

c h o n d r i t e s .  Thus ,  c a r e fu l  s tudy  of  t h e  t r ace  e le -  

m e n t  p a t t e r n s  in o l d h a m i t e  a n d  in t h e  o t h e r  

u n u s u a l  m i n e r a l s  f o u n d  in t h e  e n s t a t i t e  c h o n -  

d r i t e s  has  t h e  p o t e n t i a l  to  p r o v i d e  cons t r a in t s  on  

t h e  c h e m i c a l  a n d  phys ica l  c o n d i t i o n s  in t he  re-  

g ion  o f  t h e  so lar  n e b u l a  w h e r e  t h e s e  m e t e o r i t e s  

f o r m e d .  
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