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Introduction:  Concentrations of refractory litho-

phile elements (RLE) in Type B1 Ca-Al-rich inclusion 
melilite do not agree with expectations from the frac-
tional crystallization (FC) processes that formed these 
objects [1-4]. Most of the discrepancies reflect inclu-
sions, possibly relict grains that predate the CAI. In 
most, but not all, SIMS analyses of melilite in the Type 
B1 CAI Leoville 3537-2 [LV; 5], inclusions cause 
measured concentrations to be high relative to FC pre-
dictions. Here, we compare RLE concentrations in 
melilite produced in a dynamic crystallization experi-
ment with those observed in LV with particular atten-
tion to the role of inclusions.  

Analyses and samples: The Zinner-Crozaz energy 
offset technique was adapted to the Caltech Cameca 7f 
Geo ion microprobe. In addition to SIMS RLE depth 
profiles in nominally-pure melilite, clinopyroxene, 
perovskite, hibonite, and paqueite inclusions were 
identified by SEM, and SIMS profiles made through 
these known inclusions + melilite. Each analyzed spot 
contains 40-50 slices approximately 40 μm in diameter 
by 0.1 μm thick. For comparison with inclusion fil-
tered LV melilite [5], we also analyzed experimental 
sample CAI-T2-10A (“10A”) from [6] cooled from 
1451°C to 1169°C at 2°C/hr in air. 10A consists of one 
large 2.3 mm zoned melilite crystal with a reversely 
zoned rim, along with several smaller melilite grains, 
glass of variable composition, and sector-zoned clino-
pyroxene. Spinel is present throughout the sample. 
Melilite has glass inclusions ranging from 2-100 µm. 
18 analyses for Be, Sc, Ti, Zr, La, and Tm in melilite 
were made on the large melilite single crystal in 10A, 
along with 9 analyses of glass and glass inclu-
sions+melilite.  

Data Processing: As an example illustrates in Fig. 
1, many LV profiles can be deconvolved into a peak 
yielding inclusion RLE and Ti ratios, and a baseline 
giving concentrations for “inclusion-filtered” melilite 
[5]. To support comparisons with the meteoritic mate-
rial, RLE measurements for 10A were scaled to 20xCI 
based on the amount for each element in the starting 
material. 

Results: LV inclusion compositions. Fig. 2 shows 
LV RLE/Ti submicron inclusion compositions com-
pared with those for profiles starting on known, larger, 
targeted, 3-10 m inclusions. There is a wide range in 
RLE/Ti for all RLE and there is significant overlap of 
submicron inclusions with the larger known phases 
(Fig. 2). However, the fields for submicron inclusions 
consistently extend to regions with no representation 
among the known phases (e.g., Fig. 2a where most 
targeted clinopyroxenes are low in Ce/Ti and Y/Ti 
relative to the submicron inclusions and ~20% of the 
submicron inclusions have higher Ce/Ti and Y/Ti than 
any of the known phases). This is particularly true for 
Zr/Ti (Fig. 2b) although, even here, the highest Zr/Ti 
for submicron inclusions match quite well with values 
for the targeted known phases. 

Figure 2. Inclusion compositions for submicron and targeted 
inclusions from Leoville. 

Fig. 1. Ti profile for one spot in melilite from LV showing a
Ti-rich inclusion (open symbols) and baseline (closed sym-
bols). 
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Melilite compositions. LV [5] and scaled 10A are 
compared in Fig. 3 (both core and mantle LV data). 
Melilite in 10A shows no evidence for the submicron 
inclusions common in LV. There is a reasonable match 
of LV and 10A data for Be (Fig 3b), but not for other 
elements. LV has CI normalized La/Ce = 1, so scaled 
La in 10A and Ce in LV can be compared (Fig. 3a) but 
show very different trends, particularly at high åker-
manite (Åk). The 10A Zr data define a partition coeffi-
cient, DZr(melilite) of 0.0010 at Åk25; the FC curve on 
Fig. 3c is for constant DZr. The scatter in the 10A Zr 
Åk data is real (cf. scatter in other panels) and may 
reflect boundary layer formation and uneven crystal 
growth. LV melilite is higher in Zr than scaled 10A at 
lower Åk, but lower at high Åk. The dramatic discrep-
ancy in Ba between LV and 10A (Fig 3d) was previ-
ously known [1] but remains unexplained. The 10A Ti 
(tetravalent) matches LV around Ak25, but diverges 
strongly at higher Åk. The 10A Ti trend defines the Åk 
dependence of D(Ti+4). The LV trend reflects parti-
tioning of both Ti+3 and Ti+4. 

Glass inclusions.  SIMS profiles that deliberately 
include both glass inclusion and surrounding melilite 
show depth variations for all RLE consistent with bi-
nary mixtures of glass and melilite of uniform compo-
sitions. 

Conclusions:  (1) Submicron inclusions in LV 
mantle melilite with low Zr (Fig. 2b) may be best ex-
plained as exsolved grains, given the low melilite DZr 
(0.0010). Higher Zr inclusions, as well as most target-
ed grains, may be relicts. (2) No submicron inclusions 
were found in 10A melilite, ruling out boundary layer 
precipitates as the origin of the LV submicron grains. 
(3) RLE in glass from 10A (or devitrified versions) are 
much too high to be consistent with observed concen-
trations in LV submicron inclusions. (4) The major 
differences in Åk trends for La in 10A and (La, Ce) in 
LV (Fig. 3a) indicate very late clinopyroxene nuclea-
tion in 10A, but around Åk40-50 in LV. Anorthite never 
nucleated in 10A, but appears to have co-crystallized 
with clinopyroxene in LV. (5) At high Åk, the meas-
ured Zr in LV are much lower than in 10A, showing 
the effect of early clinopyroxene nucleation in LV. At 
low Åk, elevated Zr in LV may reflect dissolving Zr-
rich relict grains in the liquid at the initiation of meli-
lite crystallization. Zr appears to be a diagnostic ele-
ment. 

References: [1] Davis A. M. et al. (1992) LPS 
XXIII, 281-282. [2] Simon S. B. et al. (1996) LPS 
XXVII, 201-1202. [3] Davis A. M. et al. (1996) LPS 
XXVII, 291-292. [4] Kennedy A. K. et al. (1997) GCA 
61, 1541-1561. [5] Paque J. M. et al. (2016) 47th 
LPSC, 1997. [6] Beckett J. R. et al. (1990) GCA 54, 
1755-1774.  

Figure 3. Comparison of Leoville with 10A experimental 
data (scaled to 20xCI) and model fractional crystallization 
(FC). 

2031.pdfLunar and Planetary Science XLVIII (2017)


