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Introduction: The variations in trace and rare earth 

element (REE) concentrations within individual Ca-, 

Al-rich inclusions (CAIs) and chondrules can provide 

information for the formation and alteration of these 

objects in the solar nebula. Despite most CAIs having 

complex histories during and after their initial for-

mation [1], high-temperature, Type B (igneous) CAIs 

[2, 3] offer a unique opportunity to understand the dis-

tribution of trace elements in a controlled magmatic 

system which underwent crystallization from a single 

starting liquid of a known bulk composition, crystalli-

zation sequence [4], and approximately known cooling 

rate [5, 6]. Melilite and pyroxene have received the 

most attention in trace element partitioning studies. For 

example, forsterite bearing Type B3 CAIs have been 

interpreted to reflect crystallization from molten evap-

orative residues [7]. Similarly, the REE patterns of 

coexisting melilites and pyroxenes from some Allende 

CAI reflect co-crystallization from a melt [8]. On the 

other hand, [9] concluded that trace element distribu-

tions within an Allende type B1 CAI (zoned with meli-

lite-rich mantles) could not solely reflect equilibrium 

partitioning with a melt [10].  

While volatilization, fractional condensation, re-

melting, fractional crystallization, and subsolidus 

reequilibration are not mutually exclusive, an accurate 

assessment of Type B CAIs crystallization requires 

knowledge of mineral-melt partition coefficients (
Min-

Melt
D) for all coexisting phases. Yet 

Min-Melt
D are only 

available for certain trace elements and minerals [8-10, 

12-14] (e.g., not for grossite [11]) and very limited 

liquid compositions (mostly CAI-B of [4]). 

Here, we designed isothermal crystallization experi-

ments using various bulk compositions from [16] to 

determine partitioning of trace and REEs in specific 

fields of condensation space (Fig. 1) between grossite, 

melilite, hibonite, olivine and CAI-type liquids. These 

results will provide systematic constraints on composi-

tional and temperature (T) dependence of trace and 

REE partitioning between solids and CAI-type liquids. 

Experimental Design: All experiments were per-

formed at 5 kbar using the bulk compositions in Table 

1 in the phase fields of Fig. 1 [15], with a trace element 

dopant. High-pressure was required to retain the de-

sired volatile trace element abundances in the melt. Six 

bulk compositions were a mixture of oxides, silicates, 

and carbonates homogenized in ethanol in an automat-

ed mortar for >1 hour and dried at 175
o
C under vacu-

um. Dopant was prepared from high purity oxides of 

La, Ce, Eu, Dy, Ho, Yb, Zr, Hf, Tb, and Ta; carbonates 

of Sr and Ba; nitrates of Cs and Rb; Th as the mineral 

thorianite ThO2; Be as mineral beryl, and B as boric 

acid H3BO3; ground by hand in an agate mortar with 

ethanol, then decarbonated and denitrified at 1000
o
C 

overnight. The dopant mix was diluted with the start-

ing composition of each experiment in several steps to 

produce 50-100 ppm final concentrations of each trace 

element, keeping the total trace + REE concentration 

<1500 ppm so as not to disturb the phase equilibria.  
 

 
Fig. 1. Experimentally determined phase fields from 

[15] with the selected compositions used for this study. 

Figure is adapted from predictions in plate 10 of [16]. 

Arrows indicate that the two bulk compositions are 

strikingly similar, although their T differ greatly. 
 

Table. 1. Bulk compositions, and experimental 

conditions  for #6, 17, 7, 18, 9, 12, 15, and 21 along 

with the stable phases at 5 kbar.  

 
Experiments were conducted at LDEO using pis-

ton-cylinder apparatus at the T of interest for each run 

and 5 kbar for durations of 1 to 265 hours. The assem-

bly was a Pb-wrapped BaCO3/MgO pressure medium, 

graphite furnace, high-density Al2O3 sleeve, one-hole 

and solid MgO spacers, MgO wafer, and graphite sam-

ple capsule, with continuous external H2-N2 flow to 

protect the thermocouple from oxidation. Experiments 

were typically pressurized cold then heated in slow 

steps to 850°C over an hour after which the assembly 
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was left at 850°C, overnight to stabilize and close po-

rosity in the pressure media and graphite capsules. 

After repressurization, T was raised in steps of ~20 

min to the run T, repressurized after 20 min, left for the 

experiment duration (Table 1), and quenched by turn-

ing off the power, cooling to < 400°C in ~5 seconds. 

Run products were mounted in epoxy, then sectioned 

and polished for optical examination and quantitative 

analysis. Major oxide abundances were analyzed using 

the Cameca SX100 electron microprobe at 20nA beam 

current and 1µm size for both melt and crystals. Laser 

ablation ICP-MS (trace elements) standards 614, 612, 

and 610 were used for trace elements at ≤4 ppm, ≤40 

ppm, and ≤400 ppm respectively. A 40-50µm beam 

size was used for standards and minerals while 25µm 

was used for finer crystals (e.g. hibonite). Dwell times 

were 50 millisec (ms) for Li and Be; 25ms for Rb and 

Cs; and 10 ms for the other trace elements.  

Results and Discussion: All runs achieved some 

thermal compaction: separation of homogeneous glass 

at the hot top of the capsule and equilibrium phases at 

the colder bottom. Trace element concentrations within 

the same run were homogeneous in both glass and each 

mineral phase. Target final melt trace element concen-

trations of 50-100 ppm were attained for all except Rb 

and Cs. Grossite: All trace elements were incompati-

ble in grossite (Fig. 2a). This was expected for HFSEs 

such as Zr, Nb, Hf, Ta, and Th. Boron’s incompatibil-

ity in grossite, as a LILE, was interesting. Incompati-

bility of La, Ce, and Eu in grossite was suprising given 

values for hibonite of [16]: 
Hib-Melt

DLa: 4.9-7.2, 
Hib-

Melt
DCe: 3.9-5.2, and 

Hib-Melt
DEu: 2.8-3.5. The other 

REEs incompatibility in grossite was similar to that of 

hibonite. The drop in 
Gr-Melt

D for grossite (Fig 2a) is 

qualitatively reasonable but quantitatively larger than 

expected. Gehlenite: La, Ce, Eu, Dy, and Ho were 

compatible in gehlenite (runs #6, 7, 17) (Fig. 2b). 

Compatibility of Sr and Ta in gehlenite in #17 and #7 

showed the compositional dependence of 
Geh-Melt

DSr,Ta 

at ~1500°C. For both of these runs Th was also com-

patible in gehlenite. Incompatibility of Th and Yb in 

runs #17 and #7 might show similar compositional 

dependence of 
Geh-Melt

DTh,Yb. Hibonite: Although La, 

Ce, and Eu were compatible in hibonite [as in 13], La 

and Ce were compatible in hibonite only for #7 among 

all hibonite-bearing runs (#6, 7, 17) (Fig. 2b). Eu is 

incompatible in hibonite in all three runs. The incom-

patibility of all elements for hibonite in #6 and #7 

compared to #17 might again show the compositional 

dependence of 
Hib-Melt

D for ~constant T. Olivine:
 
We 

tested the T-dependence of 
Olv-Melt

D at similar bulk 

compositions (comp1: #12 and #9; comp2: #15 and 

#21; Fig. 1). All trace elements behave incompatibly in 

olivine and an increase in T (~50
o
C) seems not to af-

fect 
Olv-Melt

D for similar bulk compositions, except for 

Olv-Melt
DLi,Yb (Fig. 2c) which again show a larger jump 

than expected.  
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Fig. 2a. T dependence of 
Gr-Melt

Di. b. Compositional 

dependence of 
Geh-Melt

Di and 
Hib-Melt

Di at 1500
0
C. c. T 

dependence of 
Olv-Melt

Di at 1420-1477
0
C and 1340-

1397
0
C for comp1 (#12, 9) and comp2 (#15, 21) 

respectively. 
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