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Introduction: Recent work on hypervelocity im-
pacts between solid planetesimals driven by excitation 
from the inward migration of Jupiter [1, 2] has shown 
that the resulting impact plumes are dominated by sili-
ca-rich vapor. These impact vapor plumes created by 
collisions between solid planetesimals while in the 
presence of nebular gas create micro-environments 
with rapidly changing fO2, and have been suggested to 
be feasible environments for chondrule formation be-
fore the dissipation of nebular gas from the disk [3, 4]. 
Chondrules from CB chondrites have distinctive re-
fractory element fractionations (Th/Sc) and volatility-
driven Ce and U anomalies that indicate formation 
from differentiated precursors in an impact vapor 
plume [5]. The relatively young ages of CB chondrites 
imply formation after nebular gas had already dissipat-
ed [6]. For G chondrites, the presence of  volatility-
driven Ce and Eu anomalies in Sierra Gorda 009 [7] 
and Hf-W ages from NWA 5492 [8] suggests that G 
chondrite chondrules formed from an impact vapor 
plume under variable fO2, while nebular gas was still 
present. The similar ages of unequilibrated ordinary 
chondrite (UOC) [9] chondrules may suggest that they 
could have formed by a similar process, so obtaining 
trace element abundances of UOC chondrules would 
be useful to test this chondrule forming model.  

Evidence for internal fractionation of trace ele-
ments driven by mesostasis and/or low-Ca pyroxene 
remelting and primary feldspar crystallization in UOC 
chondrules has highlighted the importance of obtaining 
bulk compositions of UOC chondrules to avoid misin-
terpretation [10]. However, obtaining a representative 
bulk chondrule composition is extremely challenging 
particularly in UOCs. Many elements are incompatible 
in olivine, and somewhat incompatible in pyroxenes, 
so incompatible element analysis in large spots would 
be dominated by mesostasis, which should provide an 
effective proxy for measuring bulk chondrule ratios of 
incompatible elements. To better understand the for-
mation of UOC chondrules, we analyzed individual 
chondrules from NWA 7731 (L3.00), NWA 10061 
(LL3.00), NWA 12213 (LL/L3.2), and NWA 3358 
(H3.10), with the goal of determining potential chon-
drule precursor sources and chondrule forming pro-
cesses [11]. Here, we apply the results to new models. 

 
Analytical Methods: Back-scattered electron im-

ages of 153 chondrules from four UOC sections were 
obtained under high vacuum setting with an accelerat-

ing voltage of 15 kV and a working distance of 6.0 mm  
with a 2010 FEI Nova 400 NanoSEM scanning elec-
tron microscope (SEM) at Florida State University to 
identify the textures and the silicate phases present 
within each chondrule. Chondrules were  subsequently 
analyzed for 53 elements utilizing a New Wave™ 
UP193FX laser ablation ICP-MS at FSU [5, 12]. 
Measurements were conducted using 100 µm spot siz-
es, 10 second dwell time, and a 50 Hz repetition rate. 
Multiple spots were taken within each chondrule and 
averaged.  

 
      Results: Ce, Eu and Yb anomalies are plotted for 
each of the 153 chondrules analyzed (Fig. 1A-B). Most 
chondrules plotted display prominent Ce and Eu 
anomalies. Some chondrules show resolvable, but 
small (±15%), Yb anomalies. 
        Fig. 2 displays Zr/Hf and Nb/Ta ratios for UOC 
and Gujba chondrules [5, 11], and for eucrites [15]. 
Most chondrules scatter around chondritic ratios for 
Zr/Hf and Nb/Ta. Six of the 7 measured Al-rich chon-
drules plot on a trend extending from Nb/Ta ratios of 3 
to 22 at a relatively constant Zr/Hf ratio.  
        Abundances of Zr and Th are plotted for UOC 
and Gujba chondrules [5, 11], and for eucrites [15] 
(Fig. 3). Most chondrules from this study exhibit 
chondritic Zr/Th ratios. 

 

 
Fig. 1: Cerium anomaly (Ce/Ce*) and Yb anomaly 
(Yb/Yb*) plotted vs. Eu anomaly (Eu/Eu*) (1A-B). Er-
ror bands (1s) plotted as dashed lines show the repro-
ducibility of BIR-1G. CI normalization  from [13]. 
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Fig. 2: Zr/Hf and Nb/Ta ratios for UOC and Gujba 
chondrules [5, 11], and eucrites [15]. Lines show CI 
values [14]. Error bars on BIR-1G are representative 
for all UOC chondrules analyzed in this study. 
 

 
Fig. 3: Th and Zr abundances for UOC and Gujba 
chondrules [5, 11], and eucrites [18].  Line: CI [13]. 
 

Discussion: The initial vapor plume of a planetes-
imal impact is expected to be highly oxidizing due to 
silicate vaporization [2]. At a later stage, after expan-
sion into nebular gas, hydrogen mixes into the plume 
creating reducing conditions for the still hot re-
condensing droplets [3, 4]. Anomalies of Ce, Eu, and 
Yb are volatility driven as Ce anomalies form under 
oxidizing conditions due to the volatility of Ce+4 [16], 
while Eu and Yb anomalies form under reducing con-
ditions due to the volatilities of Eu+2 and Yb+2 [17]. 
The presence of Ce anomalies in most chondrules sug-
gests that fO2 conditions were oxidizing for at least 
some duration during their formation. Vaporized Ce+4 
encountering H2 would be reduced to refractory Ce+3, 
again. Negative Ce anomalies represent residual melt 
droplets, while positive Ce anomalies represent small 
droplets that recondensed Ce from the vapor phase. 
The large range of Eu anomalies present in most chon-
drules, compared to the relatively small deviations in 
Yb anomalies implies that fO2 conditions during the 
chondrule forming event were not as reducing as ca-

nonical solar nebula values [18]. Therefore, UOC 
chondrules must have formed under conditions where 
fO2 conditions varied from oxidized to reduced, com-
patible with formation inside of impact vapor plumes 
that mix with nebular H2 gas [3, 4]. 

Highly refractory elements Zr, Hf, Nb, and Ta are 
unlikely to fractionate during evaporation or condensa-
tion processes. Geochemical twins Zr/Hf and Nb/Ta 
differ slightly in their compatibility with Zr and Nb 
being more incompatible. Therefore, correlations be-
tween Zr/Hf and Nb/Ta are suggestive of inheritance 
from a differentiated precursor. In Fig. 2, Type-II UOC 
chondrules are indistinguishable from CI ratios, but 
Type-I chondrules plot below the CI ratios along the 
Gujba trend [5]. Most Al-rich chondrules are distinct, 
exhibiting Nb/Ta ratios at a relatively constant Zr/Hf 
ratio (Fig. 2). Under reducing conditions, Nb has been 
observed to partition into sulfide phases [19], but such 
conditions are unlikely to have occurred during the 
chondrule forming event since fO2 was not low enough 
to create substantial Yb anomalies. Rather, Al-rich 
chondrules must have inherited the Nb depletion from 
their precursors, possibly from refractory inclusions 
[20, 21]. 
      A few UOC chondrules display fractionated Zr/Th, 
suggesting differentiated precursors, but most UOC 
chondrules display chondritic Zr/Th, implying that 
most UOC chondrules formed from undifferentiated 
precursors (Fig. 3). 
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