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Introduction: Ca,Al-rich inclusions (CAIs) with 

Group II rare earth element (REE) patterns, enriched in 

less refractory REEs (La, Ce, Pr, Nd, Sm, and Tm), are 

thought to have condensed from a gaseous reservoir from 

which more refractory REEs (Gd, Tb, Dy, Ho, Er and Lu) 

were removed. The carrier(s) of ultrarefractory (UR) 

REE patterns are still poorly known; hibonite, perovskite, 

and Zr,Sc-rich phases have been previously considered 

as potential candidates. Several newly discovered Zr-, 

Sc-rich minerals in CAIs are potential carriers of UR 

REE patterns. Systematic studies of oxygen-isotope com-

positions and REE patterns of such CAIs are scarce. Here 

we report on the mineralogy, petrology and O-isotope 

compositions of UR CAIs from CO, CV, CR, and CM 

carbonaceous chondrites (CCs).  

Analytical procedures: The mineralogy and mineral 

chemistry of UR CAIs were studied with backscatter 

electron imaging (BSE), electron backscatter diffraction 

(EBSD), and electron probe microanalysis (EPMA) at 

CalTech and UH. Oxygen isotopes were measured with 

the UH Cameca ims-1280 ion microprobe in multicollec-

tion mode (FC-EM-EM) using a 1520 pA Cs+ primary 

beam focused to ~1 µm and rastered over 1×1 µm2. In-

strumental mass fractionation (IMF) was corrected using 

Burma spinel (for Zr- and Sc-rich phases, hibonite, spi-

nel, and perovskite), augite (davisite, Sc-pyroxenes, and 

Al-diopside), San Carlos olivine (for olivine, low-Ca py-

roxene, and anorthite), and quartz (for quartz). 

Mineralogy and Petrography: The UR CAIs are 

found in CVs, COs, CRs, CHs, and CMs, where they oc-

cur as (i) individual irregularly-shaped (nodular-like) in-

clusions, (ii) minor constituents of amoeboid olivine ag-

gregates (AOAs) and Fluffy Type A CAIs, (iii) relict in-

clusions in coarse-grained igneous CAIs (forsterite-bear-

ing Type Bs and compact Type As), and (iv) relict inclu-

sions in chondrules [117; this study]. 

The UR CAIs studied are typically small, < 30 µm in 

size, and dominated by Zr, Sc, Ti, and Y-rich minerals, 

including warkite (Ca2Sc6Al6O20), davisite (CaS-

cAlSiO6), Y-rich perovskite ((Ca,Y)TiO3), tazheranite 

((Zr,Ti,Ca)O2x), kangite ((Sc,Ti,Al,Zr,Mg,Ca,□)2O3), 

zirconolite CaZrTi2O7, eringaite Ca3(Sc,Y,Ti)2Si3O12, al-

lendeite (Sc4Zr3O12), lakargite (CaZrO3), panguite 

((Ti,Al,Sc,Mg,Zr,Ca)1.8O3), thortveitite (Sc2Si2O7), and  

machiite ((Al,Sc)2(Ti4+,Zr)3O9). These minerals are often 

associated with sub-µm grains of platinum group ele-

ments (PGEs: Ir, Os, Ru, Mo, and Wo). Most UR CAIs 

appear to have escaped melting and are surrounded by 

Wark-Lovering (WL) rims of Sc-pyroxene, ±eringaite, 

Al-diopside, and ±forsterite. WL rims are absent around 

relict UR CAIs in igneous CAIs and chondrules, suggest-

ing their destruction during melting.  

Oxygen isotopes: On a three-isotope oxygen dia-

gram, 17O vs. 18O, compositions of individual minerals 

from UR CAIs plot along ~slope-1 line. Note, however, 

since most minerals were analyzed without proper stand-

ards, the IMF effects cannot be properly corrected for; 

therefore, only mass-independent values, 17O = 17O – 

0.52×18O, are plotted in Fig. 1 and discussed below. 

Typical uncertainty on 17O is ~ 2.5‰ (2). 

UR CAIs in CCs of petrologic type ≤3.1. Most UR 

CAIs from CCs of petrologic type ≤3.1 are isotopically 

uniform and have 16O-rich compositions (17O ~ 23‰). 

The Murchison UR CAI MUR1 composed of spinel, 

thortveitite, panguite, davisite, and Sc-rich diopside [8] 

may be uniformly 16O-depleted: the only two minerals 

analyzed in this CAI, thortveitite and Sc-rich diopside, 

have 17O of ~ 8 to 5‰. There are 3 isotopically het-

erogeneous UR mineral-bearing objects: (1) #4 (circled 

number in Fig. 1), an intergrowth of 16O-rich corundum 

(17O ~ 24‰) with euhedral 16O-poor machiite (17O ~ 

0‰) from Murchison [17], (2) #7, Sc-rich chondrule ZZ 

from MAC 88107 (CO3.1-like), and (3) #8, a relict 

hibonite-rich CAI in a type II chondrule (named by [18] 

as “FeO-rich fragment”) from Acfer 094 (C3.0 un-

grouped). Chondrule ZZ consists of forsterite, Sc-bearing 

high-Ca and low-Ca pyroxenes, and baddeleyite, ± zir-

conolite. It may be an incompletely melted UR CAI-

bearing AOA. Relict forsterite grains in this object re-

tained 16O-rich signature (17O < 17‰), whereas oli-

vine, Sc-bearing high-Ca and low-Ca pyroxenes, which 

appear to have crystallized from chondrule melt, have 
16O-depleted compositions (17O range from 5 to 4‰, 

from 4 to 2‰, and from 3 to 0‰, respectively), sug-

gesting gas-melt isotope exchange during melt crystalli-

zation. The relict CAI from Acfer 094 consists of 

hibonite overgrown by Fe,Cr-bearing spinel; hibonite 

contains inclusions of zirconolite, tazheranite, perov-

skite, loveringite (Ca(Ti,Fe,Cr,Mg)21O38), and PGEs. 

UR CAIs in CCs of petrologic type ≥3.1. Most UR 

CAIs in CCs of petrologic type >3.1 are isotopically het-

erogeneous. The isotopic heterogeneity appears to corre-

late with the mineralogy rather than with the inferred 
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crystallization sequence of individual CAIs. For exam-

ple, spinel and hibonite of the CAI cores, and Al-diopside 

and forsterite of the WL rims are always 16O-rich, 

whereas other minerals are 16O-depleted to various de-

grees. The Allende UR CAI Al-2 (#9) is an important ex-

ception. It consists of eringaite, spinel, perovskite, and 

davisite, and is a relict inclusion enclosed by a massive 

Al-diopside of the host forsterite-bearing CAI. The relict 

UR CAI shows a relatively small degree of isotope het-

erogeneity (17O ~ 25 to 19‰), with spinel being 

slightly 16O-enriched relative to other minerals; spinel is 

isotopically similar to Al-diopside of the host CAI. 

Discussion: The 16O-rich and 16O-poor reservoirs ap-

parently co-existed during the earliest stages of Solar 

System evolution [e.g., 1921]. It has been previously 

shown that most CAIs in CR23, CM2, and CO3.0 chon-

drites are uniformly 16O-rich (17O ~ 23‰) [2225], in-

dicating formation in a gas of approximately solar com-

position. In contrast, most CAIs in CCs of petrologic type 

>3.1 are isotopically heterogeneous: melilite, anorthite, 

grossite, and some Al,Ti-diopside grains are 16O-depleted 

(17O up to ~0‰) relative to spinel, hibonite, forsterite, 

and Al-diopside, which are always 16O-rich (17O ~ 

23‰) [e.g., 22, 25, 26]. The nature of this heterogeneity 

is controversial: condensation in a gas of variable O-iso-

tope composition and postcrystallization O-isotope ex-

change in the solar nebular and on the chondrite parent 

asteroids are being discussed [22, 2628]. We recently 

concluded that anorthite, melilite, and grossite in Kaba 

(CV3.1) and DOM 08004 (CO3.1) CAIs experienced O-

isotope exchange with 16O-poor aqueous fluids on their 

parent asteroids [25, 26]. 17O of these fluids are inferred 

from 17O of aqueously-formed fayalite and magnetite in 

CVs and COs (1.5±1‰ and 0.2±0.6‰, respectively).  

We suggest that the majority of isotopically heteroge-

neous UR CAIs from CV≥3.1s and CO≥3.1s we studied 

originated in an 16O-rich gas of ~ solar composition, but 

subsequently experienced postcrystallization O-isotope 

exchange with aqueous fluids; some isotopically hetero-

geneous UR CAIs experienced exchange with an 16O-de-

pleted nebular gas during chondrule melting. The isotop-

ically homogeneous UR CAIs preserved their original O-

isotope compositions, which in most cases, were 16O-

rich. If UR CAI MUR-1 from Murchison is indeed uni-

formly 16O-depleted, it may have originated in an 16O-

depleted gaseous reservoir, similar to an isotopically uni-

form (17O ~ 9‰) fine-grained spinel-rich CAI from 

the CB3.0 chondrite QUE 94627 [29].  
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Fig. 1. 17O of individual minerals in UR CAIs from CCs (1 – 
4 from Y-793261; 2 – Mur-1, 3 – MUR1, 4 – UH80-1 from 
Murchison; 5 – 100 from DOM 08006; 6 – 22-4 from DOM 
08004; 7 – ZZ from MAC 88107; 8 – 17 from Acfer 094; 9 – 
Al-2 from Allende; 10 – YY from DOM 08004; 11 – Oscar from 
Ornans; 12 – Moss-1 from Moss; 13 – V13, 14 – V3 from 
Vigarano; 15 – 3N-24 from NWA 3118; 16 – 33E from 
Efremovka; 17 – V7 from Vigarano). Al-di = Al-diopside; cor 
= corundum; dav = davisite; ern = eringaite; grs = grossite; hib 
= hibonite; kng = kangite; lpx = low-Ca pyroxene; mch = 
machiite; mel = melilite; ol = Fe-Mg olivine; pl = plagioclase; 

pv = perovskite; qz = quarz; Sc-px = Sc-rich Al,Ti-diopside (Sc-
rich high-Ca pyroxene in 8); sp = spinel (Cr-spinel in 9); taz = 
tazheranite; thr = thortveitite; wrk = warkite. TF = terrestrial 
fractionation line. Most UR CAIs from CCs of petrologic type 
<3.1 are isotopically uniform, except CAIs incompletely melted 
during chondrule formation (#7, #8, and, possibly, #4). Most 
UR CAIs of petrologic type >3.1 are isotopically heterogene-
ous: hibonite, spinel, Al-diopside, and forsterite are always 16O-
rich, whereas warkite, kangite, eringaite, davisite, Sc-rich 
Al,Ti-diopside, tazheranite, perovskite, and melilite are 16O-de-
pleted to various degrees. 
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