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Introduction:  Calcium, Aluminum-rich inclusions 

(CAIs) from chondritic meteorites are the first rocks 
formed in the solar system. They carry numerous iso-
topic anomalies of poorly understood origin that pro-
vide a direct record of the astrophysical conditions and 
astrochemical reservoirs at the onset of solar system 
formation. Beside their primary minerals indicating 
formation at high temperature by a complex suite of 
condensation, melting and evaporation events, many 
CAIs contain secondary Ca and/or Al-rich minerals, 
which replaced primary minerals at lower temperature. 
In order to understand the how and when these isotopic 
anomalies were incorporated into CAIs, it is of para-
mount importance to unravel the processes and timing 
of CAI secondary alteration. This is especially true for 
the Curious Marie CAI, an extensively altered, urani-
um-depleted inclusion from Allende, whose mineralo-
gy is dominated by nepheline and sodalite [1]. Its ex-
treme U isotopic composition testifies of the existence 
of live 247Cm when the solar system formed [1]. How-
ever, an accurate determination of the initial 
247Cm/235U ratio of the solar system requires the 
knowledge of the timing of alteration and U depletion 
of Curious Marie. Unfortunately, isotopic chronome-
ters have so far yielded contrasting results. While 26Al-
26Mg systematics suggest CAI formation during the 
main CAI formation period with ~ canonical 26Al/27Al0 
ratio and pre-accretionary alteration [2], 129I-129Xe sys-
tematics yielded two alteration ages of ~ 6 and 8 My 
after main CAI formation [3], even later than the usual 
timing of Fe-alkali metasomatism in CV chondrites 
(~3 My after CAIs) [4]. Although the 36Cl-36S system-
atics is theoretically ideal for dating the formation of 
sodalite, it was found to be disturbed and did not yield 
an isochron [2]. In order to determine the context and 
timing of alteration of Curious Marie, we initiated a 
detailed mineralogical-chemical study of Curious Ma-
rie. Preliminary results of detailed Scanning Electron 
Microscopy (SEM) and NanoSIMS imaging of halo-
gens distribution are presented here. 

 
Samples and methods: Two samples of Curious 

Marie were analyzed for this study. The main mount 
was initially extracted from an Allende slab and 
mounted as a polished section in epoxy for SEM imag-
ing of the main mineralogy, REE determination by 

LA-ICPMS [1] and subsequently remounted in In for 
O, Mg, S isotopic analysis [2]. After SIMS analyses it 
was repolished and C coated. Here, it was first exam-
ined with backscattered electrons (BSE) and Energy 
Dispersive X-ray Spectroscopy (EDS) using the Field-
Emission-Gun (FEG) SEM at ICMMO in Orsay, 
France and subsequently imaged by NanoSIMS at 
IMPMC, Paris, France. Following these analyses three 
additional small chips of the CAI were extracted from 
the remaining material in the meteorite slab, at the con-
tact with Allende matrix. One of these chips (fragment 
CM1b) was mounted as a polished section at GEOPS, 
Orsay, France and analyzed by FEG-SEM at ICMMO. 

To study the carrier phases of halogens, NanoSIMS 
images of 12C-, 18O-, 19F-, 28Si-, 32S-, 35Cl- and 127I- of 
four different regions of the main mount were acquired 
with a ~200 nm, 13 pA Cs+ beam and a mass resolving 
power sufficient to resolve all interferences. In each 
area, three sets of images were acquired successively. 
Each set consisted of 19F- or 12C- or 18O- detected on the 
first electron multiplier and all other isotopes detected 
simultaneously on the 4 remaining detectors to ensure 
intercomparison and correction of potential drifts be-
tween images. Images of the surrounding epoxy and of 
terrestrial sodalite and nepheline were acquired in the 
same conditions for comparison. 

 
Results and discussion:  
Scanning electron microscopy.  Imaging of the 

main mount revealed numerous contaminants: (1) par-
ticles chemically similar to the sample, most likely 
ejecta from the laser ablation pits, (2) Au particles 
from previous SIMS coating, and (3) In nanoparticles 
spread from the In mount during repolishing. The se-
cond fragment was initially prepared to obtain an un-
contaminated sample but was found to have a different 
mineralogy. 

The main mount is an aggregate of cauliflower-
shaped nodules dominated by intergrown nepheline 
and sodalite (Fig. 1). Minor minerals include abundant 
µm-sized hibonite and Al-Fe oxides of undetermined 
stoechiometry and rare ilmenite and awaruite. Two 
large hercynitic spinel grains were also found. Previ-
ous reports [1,2] indicated the presence of several 
melilite and/or grossular-rich relicts, but only one such 
relict has been preserved from the various polishing 

2030.pdf51st Lunar and Planetary Science Conference (2020)



steps before our analyses. It is composed of grossular 
and andradite and includes shards of hibonite similar to 
those embedded in nepheline and sodalite. Grossular is 
locally replaced by sodalite and Al-Fe oxide (Fig. 2), 
which evidences at least two episodes of alteration. 

CM1b shows two different lithologies. (1) An opti-
cally black region has a mineralogy relatively similar 
to that of the main mount with major intergrown neph-
eline and sodalite. However, it contains large isolated 
hibonite laths and numerous µm-sized euhedral Fe-rich 
olivine enclosed in feldpathoids. The nepheline-olivine 
association is similar to that replacing spinel in altered 
fine-grained CAIs from Allende [5] and observed in 
the periphery of Allende 3509, a large Cl-rich object, 
thought to be an extensively metasomatized chondrule 
[6]. This suggests that 3509 and Curious Marie under-
went similar pervasive alteration processes and that 
Curious Marie was concentrically zoned with layers of 
differing mineralogy. (2) An optically white region is 
heavily brecciated with only µm to sub-µm minerals 
including hedenbergite + AlMgFe spinel associations, 
grossular, andradite and possibly salitic clinopyroxene. 

As a whole, the distinct Ca-Fe- (relict and white ar-
ea) and Na-Cl-lithologies (everywhere else) and tex-
tural relationships indicate that Fe and Na-Cl metaso-
matic events were decoupled, with the Na-Cl event 
postdating the Ca-Fe one and being associated to an 
extensive loss of Ca. Whether a concentric zoning is 
due to such successive events or to a pre-existing min-
eralogical zoning is unclear. Given the similarity with 
3509 and the abundance of feldspathoids in the core of 
the inclusion (main mount), we favor the latter hypoth-
esis. The abundance of hibonite shows that the precur-
sor of Curious Marie was a CAI.  

NanoSIMS imaging of the main mount shows that 
Cl is carried by sodalite but F and I are mostly present 
as nanoparticles in the porosity. Although the latter 
elements are spatially associated, they are not correlat-
ed indicating different mineralogical carriers of similar 
origin. They are embedded within larger S-rich regions 
spatially associated but not strictly correlated with C, 
which most likely originate from epoxy. However its 
S-/C- and Cl-/C- ratios are much more variable than in 
the surrounding epoxy. The lack of association with O 
precludes the presence of sulfates, carbonates or halo-
genates. Most likely, F and I are present as salt con-
taminants introduced in the porosity during the multi-
ple sample handling steps of the main mount. In the 
absence of such particles, S-rich regions are still the 
major contributor of I.  

Excluding these probable contaminants, sodalite 
has I-/Si- ratios in average 3.5 times higher than nephe-
line, suggesting it is the main carrier of indigenous I. 
Nepheline is Cl-rich relative to terrestrial nepheline 

supporting co-crystallization of nepheline and sodalite 
from Na-Cl-rich fluids. Assuming that the ion yields of 
Cl- and Si- in nepheline are similar to those in sodalite, 
the Cl content of nepheline range from ~ 25 to ~13400 
ppm compared to ~3 ppm in terrestrial nepheline.  

 
Conclusion: A succession of distinct Fe and NaCl 

metasomatic events is possibly the reason for the dis-
crepancy between isotopic ages. Which of these stages 
would be associated with U loss is still to be deter-
mined. These preliminary results will be completed by 
analysis of more fragments and transmission electron 
microscopy of focused ion beam sections.   
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Fig. 1: Typical mineralogy of Curious Marie core (main 
mount). BSE: backscattered electrons; neph: nepheline; sod: 
sodalite; hib: hibonite; ox: oxide. 
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Fig. 2: Sodalite and AlFe-oxide replacing grossular in the 
relict. and: andradite; grs: grossular. 
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