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Introduction: PCM line, expressed as δ17O = (0.987 ± 0.013) × δ18O − (2.70 ± 0.11) (MSWD = 5.0), is a 

regression line for in situ high-precision (δ18O <0.3‰, δ17O <0.6‰, 2SD) oxygen isotope ratios of olivine (in-
cluding relict ones) and low-Ca pyroxene in chondrules of the pristine ungrouped Acfer 094 (C3.00) chondrite 
[1]. It has been interpreted as a mixing trend of two extreme primary oxygen isotope reservoirs of solids in the 
early solar system, intersecting the terrestrial fractionation (TF) line at δ18O~5.8 ‰, a value indistinguishable 
from the terrestrial mantle and lunar rocks [1]. However, recent studies found oxygen isotope ratios of CM and 
most CV chondrules plot below the PCM line, while a few CV chondrules plot above it [2-6]. The chondrules 
plot above the PCM line show negative ε50Ti and ε54Cr [6], suggesting that ordinary chondrite (OC)-like were 
incorporated into their precursors [6]. These observations challenge the original interpretation of the PCM line 
and raise the possibility that it could be a mix of the two trends mentioned above. In order to further investi-
gate the possibility, we reanalyzed 33 chondrules in the Acfer 094 chondrite studied by [1] at improved preci-
sions (δ18O <0.2‰, δ17O <0.3‰, 2SD) [7]. Instrumental biases of olivine and low-Ca pyroxene were compre-
hensively corrected using 18 olivine (Fo0-100) and 11 pyroxene (En28-100Wo0-50) reference materials [8, this 
study].  

Result & Discussion: The linear regression line of all individual analysis is δ17O = (0.980 ± 0.010) × δ18O − 
(3.16 ± 0.08) (MSWD = 8), very similar to the PCM line. Olivine and low-Ca pyroxene from the same chon-
drule (including the “mineralogically-zoned chondrules”) show nearly identical oxygen isotope ratios, suggest-
ing that they formed in highly dust-enriched environments where mass-dependent oxygen isotopic fractiona-
tion was suppressed by efficient gas-melt oxygen isotope exchange [1, 9]. The majority of data clearly plot 
below the PCM line, except for (i) two OC-like chondrules (G39 and G85) that show Δ17O ~0‰ and 
26Al−26Mg ages ~1.8 Ma older than the rest chondrules [10, 11]; (ii) a dusty olivine (Δ17O ~0‰)-bearing 
chondrule (G64) [1, this study]; and (iii) two refractory forsterite (RF) grains that are either 16O-enriched or 
16O-depleted compared to their host chondrules (G13 and G100). The RF in G100 has a 16O-enriched (Δ17O ~–
5‰) core and a 16O-depleted margin that resembles the host chondrule (Δ17O ~–2‰), indicating a partial oxy-
gen isotope exchange with chondrule melt. These observations suggest that, like relict olivine in chondrules, 
RF could be fragments of early generation chondrules formed in regions similar to typical chondrules [12].  

Nearly half of the chondrule studied contain relict olivines (Δ17O: ~–23‰ to ~–2‰). While relict olivines 
with Δ17O <~–10‰ are considered to be linked to amoeboid olivine aggregates (AOAs, Δ17O~–23‰), the 
formation mechanism for their significant 16O-poor compositions remain unclear (solid-gas exchange in the 
solar nebula vs. solid-melt exchange during chondrule formation) [13]. Thus, instead of obtaining a regression 
line with both relict and non-relict grains, we prefer to use the oxygen isotope ratios of host chondrules (aver-
age of non-relict grains, exclude the six outliers plot on/above the PCM line), which gives a function of δ17O = 
(0.968 ± 0.020) × δ18O − (3.46 ± 0.09) (MSWD = 1.6). The host chondrules plot below the PCM line with an 
offset (Δ17OPCM = δ17O – 0.987 × δ18O + 2.70) ranging from –0.4‰ to –1.1‰, similar to most CV and CM 
chondrules [2-6]. In conclusion, we prove that the PCM line could be a mix of two trends, (i) the one below is 
represented by typical carbonaceous chondrite chondrules, and (ii) the one above is represented by those chon-
drules mixed with OC chondrule-like materials. However, it remains unclear why chondrules in CR and ensta-
tite chondrites are more consistent with the PCM line than CV and CM chondrite chondrules [14, 15].  
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