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The chemical behavior of strontium (Sr) and barium (Ba) in the primitive 
solar nebula is of interest for three reasons: 
(1) Unusual Sr and Ba isotope abundances have been reported in inclusions in 
the Allende carbonaceous chondrite (1,2). 
(2) Particles of pure BaTi03 have been observed in Allende matrix and some 
inclusions (3,4) . 
(3) Strontium is important for Rb-Sr dating. 
However, the equilibrium chemistry of Sr and Ba has not been examined by pre- 
vious workers. The purpose of this report is to present information on the 
equilibrium chemistry of Sr and Ba in a solar composition system. 
~ethod of calculation 

Equilibrium calculations were done from to 10 bars pressure at 100 
bar intervals and along an adiabatic temperature-pressure profile in the prim- 
itive solar nebula (PSN). The temperature range of 2000-1500°K was covered in 
100' steps. The construction of the adiabatic temperature-pressure profile is 
described in Fegley and Lewis (5). For reference, three T-P points along the 
nebular adiabat are 2000'~-7.2 millibars (mb) , ~OOO~K-O. 58 mb, and 600°K-0.1 
mb. The assumed solar elemental abundances used in the calculations are taken 
from Cameron (6). The equilibrium stability fields and abundances of some 
silicate minerals and the thermodynamic activities of some elements along the 
nebular adiabat are taken from unpublished results. Thermodynamic data sources 
are listed in the Appendix. The basic computational method used involves the 
simultaneous determination of the equilibrium abundances of all compounds 
(gases and condensed phases) included in the data set. KO further details are 
given here because similar methods have been described by Grossman and Larimer 
(7) and elsewhere in the literature. 
Results 

Ti and Zr. These two elements are included in the data set so that conden- 
sation of alkaline earth titanates and zirconates can be considered. The cal- 
culated perovskite condensation temperatures, which are listed in Table l, are 
in good agreement with previous values (7). The small differences are probably 
due to the slightly different Ti abundances used, because virtually identical 
perovskite thermodynamic data were used in both cases. Zirconium condenses 
as baddeleyite (Zr02), as previously reported (7). The calculated condensa- 
tion temperatures in Table 1 again agree well with literature values (7). 
Assuming the Zr02 is present at unit activity, zircon (ZrSiO ) formation along 4 
the PSN adiabat occurs at 1420°K and consumes all baddeleyite. Both zircon 
and baddeleyite are known meteoritic minerals. Baddeleyite has been observed 
in some Allende inclusions by El Goresy et a1 (8) and in the Angra dos Reis 
achondrite by Keil et a1 (9). Zircon was discovered in the Vaca Muerta meso- 
siderite and in troilite nodules of the Toluca iron by Marvin and Klein (lo), 
and may be present in small amounts in many chondrites. 

Condensation of Zr as CaZrOg has also been considered. Pure CaZr03 is 
not an equilibrium condensate in a solar composition system. However, calcu- 
lations along the PSN adiabat assuming ideal solid solution of CaTi03-CaZrO 
indicate that all Zr will be dissolved in perovskite within a few degrees O? 
perovskite condensation. A considerable uncertainty may be involved in this 
result since the CaZr03 thermodynamic data were calculated by the second law 
method. 

Ca, Sr, and Ba. Condensation temperatures for Ca, Sr, and Ba titanates 
are listed in Table 1. Pure SrTiO and BaTi03 are not equilibrium condensates 3 
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and the hypothetical condensation temperatures listed in Table 1 are calcu- 
lated assuming that all Ti is in the gas phase (no perovskite condensation) 
and neglecting solid solution formation among titanates. These values, which 
are upper limits for Sr and Ba condensation as pure titanates, demonstzate 
that BaTiO cannot have condensed prior to perovskite formation. None of the 3 
other Sr- and Ba-bearing condensates studied (see the Appendix) are equilib- 
rium condensates, although SrZr03 and BaZr03 may form solid solutions with 
perovskite. 

Condensation of Sr and Ba along the PSN adiabat has also been studied. 
The formation of SrTiO and BaTiO ideal solid solutions with perovskite was 

3 assumed as a first For the ideal solution case, Sr is 50% 
condensed at 1604OK and completely condensed by 1500°~, while Ba is 50% con- 
densed at 1567O~ and completely condensed by 1494'~. However, although the 
ideal solution approximation is valid for the Ca-Sr titanate solution (ll), 
it is invalid for the Ca-Ba titanate solution (12). Although data are not 
available for extremely dilute solutions, it can safely be assumed that ac- 
tivity coefficients for BaTiO in perovskite are greater than one. Thus, 3 
BaTi03 will not enter readily into perovskite and some fraction of the BaTi03 
can condense as a pure phase. As suggested by Masuda and Tanaka (3), the 
ferroelectric properties of BaTiO will aid in the agglomeration of the fine 3 
BaTiO particles. The occurrence of BaTiO particulates in Allende is there- 3 
for a?tributed to a combination of the ferroelectric properties of BaTi03 (3) 
and the nonideality of the Ca-Ba titanate solid solution. 

Finally, .the gas phase chemistries of Ca, Sr, and Ba can also be com- 
pared. Over a wide temperature-pressure range, the abundance sequences for 
Ca- and Sr-bearing gases (excluding the halides) are Ca-CaOH-CaS-CaO and Sr- 
SrOH-SrS-SrO, respectively. The abundances of CaOH and SrOH and of CaS and 
SrS relative to total gaseous Ca and Sr, respectively, are also very similar. 
SrO is generally more abundant than CaO. However, the abundance sequence 
for Ba-bearing gases, again excluding halides, is different than that for Ca 
and Sr-bearing gases and is more dependent on temperature and pressure. Al- 
though Ba is the most abundant gas, except at high pressures where BaOH is 
dominant, the ordering of BaO, BaOH, and Bas is variable. Also, BaO, BaOH, 
and Bas are all more abundant that the corresponding Ca- and Sr-bearing gases. 
Appendix 

Thermodynamic data sources for all phases included in this study are 
listed.  he- labels (s) , (I), and (g) indicate solid, liquid, and gas, respec- 
tively. The lack of a label indicates a gas. 

The log K values for formation of an element or compound from the con- 
stituent element(s) in their designated reference states are taken from the 
following sources. JANAF Tables and supplements (13-16) : Ti (s , 1 , g) , Ti0 , 
Ti0 (s,g), Ti 0 (s), Ti40 (s), TiF, TiF , Zr(s,g), ZrO, Zr02(s,g), ZrF, Cab, 
l g  Ca , c ~ ~ , ~ c ~ o H ,  c~(&H)~, ~r(s,l,gf, SrO(s,g), SrOH, SI-(OH)~, SrF, SrF2, 
SrCl., sr?!l , Ba(s,l,g), BaO(s,g), BaOH, Ba(OH)2, BaF, BaF2, BaC1, and BaC12. 
Robie et a3 (17): zircon, perovskite, gehlenite, akermanife, and diopside. 

The log K values are calculated by combining enthalpy, entropy, and free 
energy data frmone or more sources. Mills (18): CaS, SrS, and Bas. Kelley 
(19) and Parker et a1 (20): SrTiO (s), Sf Ti04(s), BaTiO (s), and Ba2Ti0 (s). 
Levitskii et a1 (21) and Parker eg a1 (20y: SrZrO (s). Oaoj and Hilpert 422) 
and Parker et a1 (20) : BaZrO,(s). Parker et a1 (2%) : CaZrO, (s) . 
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Table 1 

Condensation Temperatures (OK) 

CaTi03 

P (bars) This Work Ref. (7) SrTiO3* 

1402 1383 1308 

1528 1503 1419 

1576 1646 1546 

0.1 1839 1819 1696 

* See text for explanation. 
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