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Introduction: We report preliminary results of the 
mineralogy, petrology, and LA-ICPMS refractory trace 
element and REE analyses of six type A inclusions and 
one hibonite bearing inclusion from the Lancé CO 3.4 
chondrite. These type A inclusions are particularly 
intriguing because they are interpreted to be represen-
tative of polymineralic high temperature nebular con-
densates that have suffered low degrees of melting 
[1,2]. Our goal is to expand our study to other chon-
drite groups and petrologic types to compare the 
chemical and mineralogical variations among type A 
inclusions and to develop a better understanding of the 
conditions and processes of condensation and altera-
tion of refractory inclusions. Refractory inclusions 
from CO3 chondrites have been previously described 
[2]. Friedrich et al. [3-5] reported on broad trends of 
refractory trace elements in carbonaceous chondrite 
refractory inclusions including those discussed here. 
The current study extends the work of [1] and [2].  
 
Methods: A rectangular piece of Lancé (AMNH 618) 
was imaged by x-ray synchrotron tomography at 12.39 
µm/pixel resolution. A polished surface of that piece 
(1.5 x 0.5 cm) was x-ray mapped at 6  µm/pixel resolu-
tion (Ca, Mg, Al, Si, Fe, Na, Ni, Ti, Cr, S) to locate 
inclusions. Ca - Al hot spots were noted and classified 
according to inferred mineralogy. Irregularly-shaped, 
melilite-rich inclusions were identified as type A, non-
igneous inclusions, and became the focus of our study. 
Each inclusion was mapped again at 1  µm/pixel, stud-
ied texturally, and analyzed for mineral compositions 
on the electron microprobe. Refractory trace element 
data, including REEs, were obtained from parts of the 
inclusions using laser ablation inductively coupled 
plasma mass spectrometry (LA-ICPMS) [3-5]. LA 
spots were ~ 80 µm in diameter. In follow-up work, 
fine-grained textures and mineralogy were determined 
with the AMNH FE-SEM using BSE imaging and EDS 
spectra. 
 
Results: Petrology – To date, we have analyzed 7 in-
clusions from Lancé. The inclusions range in size from 
0.02 mm to 0.06 mm. The shapes are highly variable; 
ranging from semi circular to highly contorted. Six of 
the inclusions are fine-grained melilite-rich with highly 
irregular shapes and can be classified as type A [6,7]. 
We found no igneous (Type B) inclusions. One unusual 
inclusion (Ca2) that we studied differed from the others 

in containing slender laths of partially altered hibonite 
(~ 100 µm in length) surrounded by diopside (Fig. 1). 
Most fluffy type A inclusions in Lancé are similar to 
those found in Allende and Murchison [1,10]. They are 
aggregates of melilite-rich nodules surrounded by sinu-
ous bands of anorthite followed by a sinuous outer rim 
of Ca-pyroxene (Fig. 1). The Ca-pyroxene is mainly 
diopside with variable amounts of Ti and Al.  The nod-
ules consist of melilite crystals <10µm in size.  Minor 
MgAl spinel (<30µm) and/or perovskite occur associ-
ated with the melilite. The crystallization sequence of 
layers in most inclusions is, from core to rim, melilite 
(±spinel and perovskite) →  spinel + perovskite 
→ melilite → discontinuous perovskite layer 
→ diopside ± TPx rim. All of the layers are not present 
in each inclusion. Many inclusions exhibit zoning and 
have more Fe-rich rims suggesting the onset of equili-
bration with the matrix. Spinel also contains small 
amounts of Fe. Al and Ti varies in diopsides and the 
feldspars are Ca-rich with minor amount of Na. Some 
inclusions have minor metal.  
 
Trace Elements - The REE patterns of the seven inclu-
sions studied can be placed into one of two major 
groups according to the classification of [8, 9] and 
these classifications differ from those reported previ-
ously for inclusions from CO chondrites [2]. Five of 
the seven inclusions have Group V patterns while the 
two others show Group III patterns. Inclusions 2 and 3 
show Group III patterns: the first of these shows en-
richments relative to CI being 100× and strong Eu and 
Yb anomalies while inclusion 3 has REE approxi-
mately 20×CI and a smaller absolute anomaly. Inclu-
sions 1, 4, 5, 7 and 8 exhibit  the flat Group V patterns 
with enrichment levels reaching <20×CI, and only very 
slight, if any Eu anomaly.  
 
Discussion: Relative abundances of CAI types in CO3 
chondrites appear to differ from abundances found in 
CV3 and CM2 Chondrites [1, 10]. About 50% of the 
inclusions in our sample of Lancé are irregularly 
shaped, melilite-rich inclusions that can be character-
ized as fluffy type A. No type B inclusions were found 
in Lancé. The amounts, textures and compositions of 
CAIs seem to differ from one chondrite group to an-
other.  However, whole chondrite refractory lithophile 
element abundances do not show significant differ-
ences between some groups, e.g., CM and CO.  Each 
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meteorite group appears to have selectively preserved 
CAI assemblages frozen in and fractionated at a spe-
cific temperature interval.  
 
The mineralogy and zoning patterns observed in the 
CAIs from Lancé are often complex. and zoning of 
some minerals is obscured by irregular grain bounda-
ries. Perovskite (bright pink in Fig. 1) is present in sev-
eral of the inclusions in Lancé and has not been con-
verted to ilmenite, as in CO chondrites of types >3.4 
[2]. Spinel in the inclusions in Lancé is generally iron 
bearing, as observed by Russell et al [2]. Fe variations 
in diopsides of some inclusions suggest the onset of 
metamorphism as expected in a CO 3.4 chondrite. The 
type A inclusions in Lancé are irregular aggregates of 
nodular assemblies, dominated by melilite. The nod-
ules are surrounded by concentric rim layers, similar to 
fluffy type A inclusions in Allende described by [1,9]. 
The highly irregular, lobate shapes of the nodules also 
suggest that they are not melt droplets that would have 
relaxed to a stable spherical shape (e.g., like a chon-
drule).  Irregular shapes may result, in part, from post-

formational plastic deformation. The Group III REE 
abundance patterns of the inclusions characteristically 
exhibit uniform enrichments in all of the REE's except 
Eu and Yb. This pattern has been interpreted in terms 
of equilibrium condensation and suggests that most of 
the REE's were totally condensed, while Eu and Yb 
were only partially condensed due to their relatively 
higher volatilities [8].  
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Fig. 1. Composite red-green-blue x-ray (K�) maps of Ti, Ca, and Al.    

                  Rectangular dimensions ofeach image (micron) are noted in parentheses. 
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