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Introduction:  The nature of  the chondrule-

forming mechanism(s) is still controversial ([1]-[3]) 
and its elucidation requires clear cosmochemical con-
straints. Of particular importance are the nature of the 
precursors (dustballs, planetary debris [4] etc.), the 
thermal history [5], and whether chondrules formed as 
closed or open systems ([6]-[8]). Trace elements, with 
their diverse geochemical behaviors, offer unique in-
sights on the conditions that governed their partitioning 
among the different phases. Former SIMS studies on 
ordinary chondrite chondrules ([9]-[11]) have con-
cluded that olivine and pyroxene recorded rapid cool-
ing rates of order 1000 K/h. Here, we present laser 
ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) analyses of silicate phases in 36 carbo-
naceous chondrite chondrules and isolated olivine 
grains. Preliminary results from this study had been 
previously reported in [12] and [13].  

Methods:  Polished sections of Vigarano (CV3), 
Renazzo (CR2) and Acfer 187 (CR2) were examined 
using scanning electron microscopy and electron mi-
croprobe analyses. Chondrules representing a wide 
array of textures were selected for LA-ICP-MS analy-
ses of olivine, low- and high-Ca pyroxene and 
mesostasis at University of Montpellier II. Spot size 
ranged from 25 to 100 µm, with 50 µm being a typical 
value. Signal was filtered using the GLITTER soft-
ware, and, in combination with a posteriori SEM ob-
servations, allowed one to avoid compromising analy-
ses with incompatible-element-rich inclusions. In order 
to further minimize the effects of possible contamina-
tion, a geometric averaging was used to produce means 
for each chondrule.  

Results:  Fig. 1 displays averaged Rare Earth Ele-
ment (REE) concentrations for the different phases 
analyzed in Vigarano and Renazzo. Both meteorites 
exhibit essentially similar patterns. Mesostasis has a 
flat, if slightly increasing (with decreasing atomic 
number) REE pattern (with La spanning 6-22 x CI). 
Augites have a concave, negatively sloped pattern 
marked with negative Eu anomalies. Low-Ca pyroxene 
and olivine show depletion of light REE (LREE) rela-
tive to heavy REE (HREE), with HREE near chon-
dritic values and La spanning 0.05-0.5 x CI for low-Ca 
pyroxene and 0.0008-0.15 x CI for olivine.     
 

 
 

Figure 1: Average CI-normalized REE patterns for each 
phase in Vigarano and Renazzo. Error bars extend to the first 
and third quartiles. 

 
Figure 2: Olivine/mesostasis partition coefficients for a set 
of lithophile and siderophile elements, normalized by ex-
perimental values reported by [11]. A value of 1 thus corres-
ponds to olivine/mesostasis equilibrium (under the conditions 
of the experiments). Each curve represents one chondrule, 
where the mean compositions for olivine and mesostasis 
have been used. Error bars are 1 standard deviation. 
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Discussion: If we use experimental partition coef-
ficients compiled in [11], the hypothetical melt in equi-
librium with olivine for our analyzed type I chondrules 
is too enriched in refractory, incompatible elements, by 
about one order of magnitude, to match bulk chondrule 
compositions [14], as was noted by [11] for ordinary 
chondrite chondrules. The mesostasis provides a better 
match for this melt, as checked in Fig. 2, save for 
probable redox effects (e.g. for V [11]). This suggests 
that most trace elements diffused efficiently through-
out olivine crystals, as opposed to a fractional crystal-
lization scenario (e.g. [11]). Using diffusion data of 
[15], this could indicate cooling rates slower than 1-
100 K/h which may bridge the gap with those (0.5-50 
K/h) estimated for igneous CAIs [16]. 

Fig. 3 shows olivine/mesostasis partition coeffi-
cients for REE. Similarly to [9]-[11], we note that oli-
vine is generally more LREE-enriched than predicted 
by equilibrium partitioning and attribute this to kinetic 
effects [17]. This seems to be confirmed by the fact 
that the coarser the olivine crystals, the steeper the 
slope of their REE pattern, if coarse textures can be 
ascribed to protracted heating/cooling [18]. In particu-
lar, the two refractory forsterites analyzed obey equi-
librium REE partitioning and are thus demonstrably 
igneous in nature [19]. 

Fig. 4 shows an anticorrelation between the con-
centration of Lu in low-Ca pyroxene and the mode of 
low-Ca pyroxene in the chondrule (which could ac-
count for the apparent discrepancy between [9] and 
[10]). This extends to other trace and minor elements 
(e.g. Al, Ca). We suggest that this could be understood 
in the framework of the model by [6] where pyroxene 
growth is a result of gas-melt interaction. Indeed, as 
mentioned by [6], this interaction adds silica to the 
melt, incurring a dilution of the other constituents, 
which dilution would also affect the resulting pyrox-
ene. In this respect, it is interesting to note that the 
monoclinic structure of low-Ca pyroxene implies rapid 
cooling rates (> 100 K/h ; [20]), in contrast to the slow 
cooling rates inferred above to be recorded by olivine. 
This could corroborate the idea that the event that 
formed pyroxene was distinct from that which crystal-
lized olivine.  
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Figure 3: Olivine/mesostasis partition coefficients for REE. 
Also plotted are experimental values by [17] (“K93”). 
.

 
Figure 4: Plot of Lu concentration in low-Ca pyroxene vs 
low-Ca proxene mode in each chondrule. 
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