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Introduction: The oxygen isotopic composition of 

calcium-aluminum-rich inclusions (CAIs) from the 
Allende CV chondrite form an array on a three-isotope 
diagram with a slope of ~1.0, designated the carbona-
ceous chondrite anhydrous minerals (CCAM) mixing 
line [1,2]. Within CAIs, the typical sequence of 16O-
enrichment for individual phases is spinel ≥ pyroxene 
> olivine > anorthite > melilite. The trend defined by 
these minerals is indicative of two-component mixing 
and commonly interpreted as reaction and isotopic 
exchange of 16O-rich primary phases with a 16O-poor 
gas [2]. 

The oxygen isotopic composition of CAIs with 
Fractionation and Unidentified Nuclear (FUN) effects 
do not fall along the CCAM line. The oxygen isotopic 
composition of FUN CAIs display both large mass-
dependent fractionation leading to an enrichment in 
18O as well as subsequent mixing between 16O-rich and 
16O-poor reservoirs [2-8]. The mass-dependent frac-
tionation line defined by individual phases from FUN 
CAIs projects back towards the 16O-rich end of the 
CCAM mixing line. 

Recently, we reported on the titanium, silicon and 
magnesium isotopic compositions of a new FUN CAI 
(designated CMS-1) identified in the Allende CV 
chondrite [9]. CMS-1 is characterized by nucleosyn-
thetic anomalies in titanium (ε46Ti = -13.9 ± 1.7, ε48Ti 
= 1.0 ± 1.1, and ε50Ti = -51.3 ± 6.9) as well as large 
mass-dependent fractionation of silicon and magnesi-
um (fSi = 16.3 ± 0.5‰ and fMg = 37.5 ± 2.5‰). The 
magnitude of these isotopic anomalies are similar to 
previoulsy identified FUN CAIs [2,3,6-8,10-19]. Ex-
perimental data predict complementary fractionation in 
oxygen istopes [20]. Here we report on the oxygen 
isotopic composition of the primary phases (spinel, 
melilite, fassaite) that comprise CMS-1. 

Analytical Technique: Oxygen isotope ratios were 
collected using the Cameca IMS 1280 at the 
WiscSIMS laboratory, University of Wisconsin-
Madison. Analytical conditions are similar to those 
reported in [21]. A focused Cs+ beam was tuned to 
produce a 15µm diameter spot with a primary ion in-
tensity of 3nA. Secondary ions of 16O-, 17O- and 18O- 
were detected simultaneously using three Faraday 
cups, with typical count rates of 17O- of 1.3x106cps. 
The mass resolving power was set to ~2200 for 16O- 
and 18O- using two detectors on the multi-collection 
array and ~5000 for 17O- using the axial detector at a 

fixed position. After each analysis, 16OH- was meas-
ured to determine its contribution to the 17O- signal. 
The estimated 16OH- contribution to 17O- was always 
less than 0.03‰. Following oxygen isotope analyses, 
SEM images were taken of all spot analyses to ensure 
there was no significant overlap of pits, cracks, inclu-
sions or phases. 

Measured 18O/16O and 17O/16O ratios are reported 
relative to VSMOW. San Carlos olivine (δ18O = 
5.32‰; [22]) was measured periodically throughout 
the session to correct for instrumental mass bias and to 
determine the external reproducibility. The external 
reproducibility (2SD) for δ18O, δ17O and Δ17O is 0.22, 
0.50 and 0.53‰, respectively. Potential matrix effects 
were corrected by establishing calibrations using 
åkermanite and gehlenite for melilite and spinel, as 
well as diopside and two synthetic fassaitic glasses 
with 5 and 10 wt.% TiO2 respectively for Ti-Al-rich 
pyroxene. 

Results: CMS-1 is an irregularly shaped compact 
Type A inclusion (Fig. 1). The primary mineralogy of 
CMS-1 is composed of Ti-Al-rich pyroxene and meli-
lite with abundant inclusions of spinel. Ti-Al-rich py-
roxene ranges in TiO2 content from 3.8 to 12.6wt.%, 
while melilite has a restricted compositional range, 
17.9 to 48.0 mole % Åk. Although most of the interior 
spinel is nearly pure MgAl2O4, many grains have FeO 
ranging up to 16.8 wt.%; this is unusual for spinel that 
is not part of a Wark-Lovering rim sequence. 

The oxygen isotopic compositions of the primary 
phases are distinct from one another as shown on the 
three-isotope diagram (Fig. 2). Spinel is uniformly 16O-
enriched and defines a slope-½ mass-fractionation line, 
with some primitive compositions close to the point 
where the spinel mass-dependent fractionation line 
would intersect the CCAM line at the 16O-rich end 
(δ17O ~ -49‰, δ 18O ~ -48‰). Other spinel grains are 
highly fractionated and plot close to where the spinel 
mass-dependent fractionation line intersects the mixing 
line defined by pyroxene (δ17O = -15.40‰, δ18O = -
32.17‰). Pyroxene plots exclusively on the mixing 
line and has a large range in its isotopic composition 
(Δ17O = -12.45‰ to -23.96‰). Melilite is entirely 16O-
poor and plots at the top of the mixing line defined by 
the pyroxene, but somewhat below the terrestrial mass-
dependent fraction line (Δ17O = -2.77 to -7.57‰). 

Discussion: The oxygen isotopic composition of 
CMS-1 suggests a formation history that involved at 
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least three stages of evolution. First, the bulk composi-
tion of CMS-1 is typical of Compact Type A CAIs, 
and an equivalent melt would have the predicted crys-
tallization sequence spinel – melilite – pyroxene, 
which is consistent with the textures of this inclusion. 
The initial oxygen isotopic composition of this melt 
would then be best constrained by the first phase to 
crystallize (i.e. spinel). The most primitive spinel iden-
tified from CMS-1 is characterized by 16O-rich oxygen 
isotopic compositions, suggesting that the oxygen iso-
topic composition of the parental melt originated near 
intersection of these spinel with the CCAM line (δ17O 
~ -49‰, δ18O ~ -48‰). 

A second melting event resulted in evaporation and 
mass-dependent fractionation. Relict spinel (i.e. grains 
that did not completely melt) retained their original 
isotopic compositions. However, new spinel that crys-
tallized from the evaporating and isotopically evolving 
melt defines a mass-dependent fractionation line simi-
lar to that characterized by refractory phases measured 
in other FUN CAIs [e.g., 3,4,8]. This melting event 
also resulted in the mass-dependent fractionation of 
fassaite and melilite whose oxygen isotopic composi-
tions, upon complete crystallization, were at the 
“bend” in the array observed in figure 2 (δ17O ~ -31‰, 
δ18O ~ -14‰). The degree of fractionation observed in 
pyroxene and melilite, and the most extremely frac-
tionated spinel, (~26‰ in 18O) is consistent with pre-
dicted values based on the mass-dependent fractiona-
tion of magnesium and silicon isotopes [20]. 

Recently, [23] suggested that reaction between 
melilite and perovskite may be responsible for the var-
iable oxygen isotopic compositions observed in pyrox-
ene. In this scenario, a uniformly 16O-rich CMS-1 
would contain spinel, melilite and perovskite. Perov-
skite would subsequently exchange oxygen with a 16O-
poor nebular reservoir, while the other phases did not 
due to the slower diffusivity of oxygen in spinel and 
melilite [24]. If pyroxene were to grow at the expense 
of (16O-poor) perovskite and (16O-rich) melilite [24-
26], the first pyroxene to crystallize would inherit the 
composition of the 16O-poor perovskite becoming 
more enriched in 16O (and depleted in TiO2) as the 
reaction proceeded and the isotopic reservoir of meli-
lite began to dominate the system. This is consistent 
with the observed correlations between oxygen isotop-
ic composition of CMS-1 pyroxene and their TiO2 con-
tent, where Δ17O increases with decreasing TiO2 con-
tent. Following this process, melilite itself would ex-
change its oxygen with a 16O-poor reservoir. 
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Figure 1 Ca-Al-Mg X-ray map for CMS-1. sky blue = meli-
lite, magenta = spinel, grayish brown = Ti-Al-rich pyroxene, 
red = magnesium-rich phases in matrix and chondrules, 
green = Ca-Fe silicates in accretionary rim. 

Figure 2 Oxygen isotopic composition of individual phases 
from Allende FUN CAI CMS-1. Spinel (red squares), Ti-Al-
rich pyroxene (green circles) and melilite (blue diamonds). 
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