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Introduction: Determining the origin of chondrules 
is key to understanding the conditions and processes oc-
curring within the early protoplanetary disk. Both neb-
ular shock waves [1] and protoplanetary impacts involv-
ing partially differentiated [2] or undifferentiated bodies 
[3] have been proposed. Impact vapor plumes created 
by collisions between planetesimals in the presence of 
nebular gas create micro-environments with rapidly 
changing fO2 [4]. Chondrules from CB chondrites have 
distinctive refractory element fractionations and volatil-
ity-driven Ce and U anomalies (U/ThCI) that indicated 
formation from differentiated precursors in an impact 
vapor plume [5]. While this may not be a surprise for 
CB chondrules, the presence of similar chondrules from 
unequilibrated ordinary chondrites (UOCs) has not been 
shown. Existing trace element studies on UOC chon-
drules propose the inheritance of trace elements in chon-
drules from multiple stage recycling of chondrule pre-
cursors [6], from CAI-like precursors for Na-rich chon-
drules [7], and from two different reservoirs for the type 
1 and type 2 chondrules [8]. Bulk compositions of chon-
drules may be desired for answering such questions, but 
obtaining a representative bulk chondrule composition 
is extremely challenging particularly in UOCs. Many el-
ements are incompatible in olivine, and somewhat in-
compatible in pyroxenes, so analysis of chondrule 
mesostasis provides an effective proxy for bulk chon-
drule properties of incompatible elements. To better un-
derstand the formation of UOC chondrules, we analyzed 
chondrule mesostasis 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 
chondrule precursor sources and chondrule forming 
processes. 

Analytical Methods: Back-scattered electron im-
ages of 149 chondrules from four UOC sections were 
obtained under high vacuum setting with an accelerating 
voltage of 15 kV and a working distance of 6.0mm  with 
a 2010 FEI Nova 400 NanoSEM scanning electron mi-
croscope (SEM) at Florida State University to identify 
the textures and the silicate phases present within each 
chondrule. Chondrule mesostasis from the 149 chon-
drules was  subsequently analyzed for 53 elements uti-
lizing a New Wave™ UP193FX laser ablation ICP-MS 
at FSU [6, 9]. Measurements were conducted using 100 
µm spot sizes, 10 second dwell time, and a 50 Hz repe-
tition rate. Multiple spots were taken within each chon-
drule and averaged. 

      Results: Ce and Eu anomalies are plotted for each 
of the 149 chondrules (Fig. 1). Most chondrules exhibit 
positive Ce and negative Eu anomalies. Type 1 chon-
drules appear to exhibit slightly more negative Eu 
anomalies and more positive Ce anomalies compared 
to type 2 chondrules. Some chondrules show resolva-
ble, but small (±15%), Yb anomalies, and most chon-
drules show positive U anomalies (~1.2-10xCI). 

 
Fig. 1: Cerium anomaly (Ce/Ce*) plotted against Euro-
pium anomaly (Eu/Eu*). Error bars plotted as dashed 
lines show the reproducibility of the standards. CI nor-
malization values from [10]. 

 
Fig. 2: Nb/Th vs. Zr/Sm ratios. CI Nb and Zr values 
from [11], Th and Sm values from [10]. 

 
Fig. 3: Th and Sc abundances for PO-1, PO-2, and BO 
chondrules, eucrites [12] and MELTS modeled chon-
drule glass composition. CI values from [10]. 
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      The Zr/Sm vs Nb/Th ratios are plotted for all chon-
drules (Fig. 2) Most chondrules exhibit sub chondritic 
Zr/Sm and Nb/Th ratios. Type 1 chondrules exhibit the 
largest range and depletions in Nb/Th relative to CI. 

Fig. 3 shows PO-1, PO-2, and BO chondrules, and 
eucrites [12], in Th vs. Sc abundances [5]. The curve 
starting at the CI point and ending at the plotted star rep-
resents the calculated trajectory using the MELTS pro-
gram for the composition of a chondrule glass after crys-
tallizing ~70% olivine at T=1250º C, P=1 bar, and 
fO2=IW from a starting melt of PO bulk chondrule com-
position [13] that has a chondritic Th/Sc ratio. Specific 
chondrules, Ch7 and Ch10, are circled and plot off the 
CI line toward Th-rich values. 

Discussion: Anomalies of Ce, Eu, and Yb are vola-
tility driven as Ce anomalies form under highly oxidiz-
ing conditions, while Eu and Yb anomalies form under 
reducing conditions [14]. Similarly, U/Th ratios up to 
10xCI indicate recondensation from gases formed by 
vaporization of oxidized materials. The presence of pos-
itive Ce and U anomalies [15] in most chondrules sug-
gests that fO2 conditions were above solar nebular val-
ues for at least some duration during their formation. 
The large range of Eu anomalies present in most chon-
drules as opposed to the near absence of Yb anomalies 
suggests that fO2 conditions during the chondrule form-
ing event were not as reducing as the canonical solar 
nebula values. Taken together, UOC chondrules must 
have formed under conditions where fO2 conditions var-
ied from oxidized to reduced, compatible with for-
mation inside of impact vapor plumes that mix with neb-
ular H2 gas [4]. 

The elements Nb, Th, Zr, and Sm are highly refrac-
tory elements that are unlikely to fractionate due to 
evaporation or condensation processes. The element 
pairs Nb/Th and Zr/Sm differ slightly in their compati-
bility with Th and Sm being more incompatible. Fig. 2, 
shows that UOC chondrule mesostasis is depleted in 
both Nb and Zr. While Nb and Zr have been observed 
to partition into sulfide phases under extremely reduc-
ing conditions [16, 17], such conditions are unlikely to 
have occurred during the chondrule forming event since 
fO2 conditions evident by the lack of Yb anomalies or 
the FeO content of silicates were not low enough. Ra-
ther, the chondrules must have inherited the Nb and Zr 
depletions from their precursors, which may include 1) 
refractory inclusions [18, 19,], or 2) differentiated 
crust/mantle material from planetesimals. 
      While Th and Sc do not fractionate from one another 
during evaporation or condensation processes, Th is sig-
nificantly more incompatible than Sc in igneous pro-
cesses. As a result of this, Th/Sc ratios from differenti-
ated bodies are fractionated from the CI ratio, as shown 
in Fig. 3 by eucrites [12]. Pyroxene is a host for Sc, so 

pyroxene-rich compositions would plot to low Th/Sc. 
Since chondrule mesostases were analyzed as opposed 
to bulk chondrules, internal fractionation may exist be-
tween Th and Sc due to partitioning of Sc into pyrox-
enes. Accordingly, only olivine + glass chondrules are 
plotted in Fig. 3. Although Sc is incompatible in olivine, 
chondrule olivines contain enough Sc that the effect of 
olivine crystallization on the Th/Sc ratio of mesostasis 
cannot be ignored. The MELTS program was used to 
calculate the amount of olivine crystallized from chon-
drule compositions from [13], and a D(Sc) of 0.13 was 
used to calculate chondrule glass compositions evolving 
by varying degrees of olivine crystallization from a melt 
with a chondritic Th/Sc ratio. The star represents ~70% 
olivine crystallization and the terminal composition of 
the chondrule glass after internal fractionation in a 
PO/BO chondrule before pyroxene begins to crystallize. 
Two chondrules from NWA 12213 and NWA 11061, 
Ch7 and Ch10 respectively, plot off the CI line and their 
Th and Sc abundances cannot be derived from a precur-
sor with a chondritic Th/Sc ratio. While chondrule recy-
cling [6] might allow for the incorporation of fraction-
ated glass from a previous chondrule generation into 
subsequent chondrule melts, it seems unlikely that this 
process alone would be responsible to create the Th and 
Sc values for Ch7 by chondrule recycling. 
      Conclusion: Most chondrules exhibit Ce, U, and Eu 
anomalies with the lack of Yb anomalies, suggesting a 
chondrule forming process that began oxidized but went 
reducing, consistent with an impact scenario within neb-
ular gas. Only a few chondrules show significant evi-
dence for differentiated precursors, implying that most 
UOC chondrules formed from undifferentiated material. 
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