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Abstract

We present detailed electron microprobe analyses and oxygen three-isotope measurements by high precision secondary ion
mass spectrometry on 45 type I (FeO-poor) chondrules/fragments and 3 type II (FeO-rich) chondrule fragments from Mete-
orite Hills 00426 and Queen Alexandra Range 99177, two of the most primitive CR3 chondrites. Type I chondrules/fragments
have Mg#’s (defined as the Mg# of constituent olivine and/or low-Ca pyroxene) ranging from 94.2 to 99.2; type II chondrule
fragments have Mg#’s of 53-63. Oxygen three-isotope measurements plot on the slope ~1 primitive chondrule mineral (PCM)
line. Within chondrules, A'70 (=8'70-0.52 x §'80) values of coexisting olivine, pyroxene, and plagioclase are homogeneous,
with propagated uncertainties of 0.3%,. This indicates each phase crystallized from the final chondrule melt, and that efficient
oxygen isotope exchange occurred between ambient gas and chondrule melt. Among type I chondrules there is a well-defined
increase in A'’0, from —5.9%, to ~—1%,, as Mg#’s decrease from 99.2 to ~96; type II chondrule fragments are comparatively
1%0-poor (A70: ~0.2-0.6%,). The relationship between Mg# and A!”O among type I chondrules confirms that addition of a
%0-poor oxidizing agent to the highest Mg# chondrule precursors resulted in forming lower Mg# CR chondrules. Using
aspects of existing equilibrium condensation models and a mass balance we estimate that type I CR chondrules formed at
dust enrichments of 100-200x, from dusts with 0-0.8 times the atomic abundance of ice, relative to CI dust. The type II chon-
drule fragments are predicted to have formed at CI dust enrichments near 2500x.
© 2014 Elsevier Ltd. All rights reserved.
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Chondrules are ubiquitous (20-80 volume percent) in
primitive chondrites (Scott et al., 1996). Their igneous tex-
tures and spherulitic morphologies indicate rapid heating
and crystallization of pre-existing solids (Tsuchiyama
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et al., 1980; Hewins and Radomsky, 1990; Jones et al.,
2000, 2005) within the inner regions of the protoplanetary
disk (Cassen, 2001; Desch and Connolly, 2002). Chondrules
from the least metamorphosed chondrites display a wide
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range of FeO contents in their constituent olivines and
pyroxenes. Mg#’s (mol.% MgO/[MgO + FeO]) of chon-
drule olivines and pyroxenes range from 40 to 100
(McSween, 1977; Jones and Scott, 1989; Scott and Jones,
1990; Jones, 1990, 1994, 1996; Kallemeyn et al., 1994;
Kurahashi et al., 2008; Connolly and Huss, 2010; Kita
et al.,, 2010; Libourel and Chaussidon, 2011; Ushikubo
et al., 2012; Schrader et al., 2013; Tenner et al., 2013). This
indicates the redox state of the chondrule-forming environ-
ment varied significantly, based on metal-silicate phase
equilibria (Kring, 1988; Zanda et al., 1994). In particular,
type I chondrules, defined as those with olivine or low-Ca
pyroxene Mg#’s between 90 and 100 (Jones et al., 2005)
formed at more reducing conditions (log fO,: IW —6 to
IW —2) than type II (mafic mineral Mg# < 90) chondrules
(log fO,: IW =2 to IW; IW =iron-wiistite buffer). As a
whole, chondrules formed at more oxidizing conditions
than Ca, Al-rich inclusions, or CAls (log fO, <IW —6;
Grossman et al., 2008), suggesting their environments were
most likely enhanced in oxygen-rich dust (Wood, 1967).
Imposed oxygen fugacities were probably controlled by
the degree of dust enrichment, relative to the Solar gas,
and by the amount of H,O and carbon in solid precursors
(Connolly et al., 1994; Ebel and Grossman, 2000; Fedkin
and Grossman, 2006; Grossman et al.,, 2012; Fedkin
et al., 2012). The Mg# of a chondrule reflects these
parameters.

In primitive chondrites oxygen isotope ratios of chond-
rules are linked to the values of their precursors, and
conceivably document exchange between ambient gas and
chondrule melt. Specifically, homogeneous oxygen isotope
ratios among silicate phases from individual chondrules
infer the value of the final chondrule melt, and suggest oxy-
gen isotope ratios did not change during and after
crystallization (e.g. Ushikubo et al., 2012). Chondrules
from primitive carbonaceous chondrites plot on a slope
~1 line when comparing 3'%0 and 3'’0 (where §'"'%0
(%0) = [(Rsampie/Rysmow)—1] x 1000; R = "1%0/"°0;
VSMOW = Vienna Standard Mean Ocean Water;
Baertschi, 1976) and show an appreciable range (8'7'%0:
~=20%, to +5%,; Clayton, 1993; Jones et al., 2000, 2004;
Kunihiro et al., 2004, 2005; Krot et al., 2006a, 2010;
Connolly and Huss, 2010; Libourel and Chaussidon,
2011; Rudraswami et al., 2011; Ushikubo et al., 2012;
Schrader et al., 2013; Tenner et al., 2013) (Fig. 1), which
is distinct from the relatively small variability in oxygen iso-
tope ratios of chondrules from ordinary and E3 chondrites
(Clayton et al., 1991; Kita et al., 2010; Weisberg et al.,
2011). Ushikubo et al. (2012) defined the primitive chon-
drule mineral (PCM) line as having a §'%0 versus §'70
slope of 0.987 4+ 0.013, based on high precision secondary
ion mass spectrometry (SIMS) measurements of chondrules
from Acfer 094, one of the least metamorphosed carbona-
ceous chondrites (Grossman and Brearley, 2005). This slope
is unique when compared to oxygen isotope ratios in terres-
trial materials, and likely originated through mass-indepen-
dent fractionation processes early in the Solar System
(Thiemens and Heidenreich, 1983; Yurimoto and
Kuramoto, 2004; Lyons and Young, 2005; Young et al.,
2008; Lyons et al., 2009; Chakraborty et al., 2013). Such
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Fig. 1. Illustrative oxygen three-isotope diagram of chondritic
materials. The slope ~1 primitive chondrule minerals (PCM) line
from Ushikubo et al. (2012) is shown for reference. Also shown is
the terrestrial fractionation line (TFL). The shaded region for CAls
represents data from Clayton (1993) and Gounelle et al. (2009), and
extends near the TF line. The shaded region for carbonaceous
chondrite (CC) chondrules represents data from Jones et al. (2000,
2004), Kunihiro et al. (2004, 2005), Krot et al. (2006a), Connolly
and Huss (2010), Libourel and Chaussidon (2011), Rudraswami
et al. (2011), Ushikubo et al. (2012), Schrader et al. (2013), and
Tenner et al. (2013). The estimated O-isotope ratio for the Sun is
taken from McKeegan et al. (2011). Data from Acfer 094 cosmic
symplectites (COS), which are inferred to sample O-isotope ratios
of H,O, are from Sakamoto et al. (2007). The estimated O-isotope
ratio of H,O in CR chondrites is from Clayton and Mayeda (1999),
based on matrix and whole-rock measurements. The CR insoluble
organic material (IOM) datum is from Hashizume et al. (2011) and
is the average of areas #1 and #2 in their study; some CR IOM has
extreme 3'7'80 values, exceeding +400%,. Uncertainties are 2SD.

processes could be responsible for the large variations of
oxygen isotope ratios in chondritic materials, including
1%0-rich CAIs and chondrules with 87130 values down
to ~—75%, (Kobayashi et al., 2003; Gounelle et al., 2009)
and '°0-poor cosmic symplectites (Fe, Ni metal and sul-
fides oxidized by H,O; Sakamoto et al., 2007) and organic
material (Hashizume et al., 2011), with positive 37180 val-
ues up to several hundred per mil (Fig. 1). In relation to
these materials, chondrules from carbonaceous chondrites
are intermediate in 870 and 8'%0 (Fig. 1). Thus, it is con-
ceivable that chondrule values, and their range of values,
were influenced by mixing of '°O-rich and 'O-poor precur-
sors (e.g. Clayton et al., 1983). The presence of isotopically
distinct “relict” mineral grains in chondrules, which are
either '®O-rich or '0-poor relative to minerals that crystal-
lized from the final “host” chondrule melt (Kunihiro et al.,
2004, 2005; Wasson et al.,, 2004; Connolly and Huss,
2010; Rudraswami et al., 2011; Ushikubo et al., 2012;
Schrader et al., 2013; Tenner et al., 2013) supports this
hypothesis.

Within many primitive carbonaceous chondrites, type |
chondrules are enriched in '°0 when compared to type II
chondrules (Jones et al., 2000, 2004; Kunihiro et al., 2004,
2005; Krot et al., 2006a, 2006b; Connolly and Huss, 2010;
Nakashima et al.,, 2010; Rudraswami et al., 2011;
Ushikubo et al., 2012; Schrader et al., 2013; Tenner et al.,
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2013). This relationship led Connolly and Huss (2010) to
hypothesize that addition of '®O-poor H,O (e.g. Fig. 1) to
FeO-poor chondrule precursors, along with increases in
dust enrichment, contributed to an oxidized environment
that formed comparatively FeO-rich chondrules. If true,
one might expect to observe a systematic relationship
between Mg#’s and oxygen isotope ratios of chondrules,
particularly among type I chondrules, as metal-silicate
phase equilibria predicts a four-order of magnitude increase
in fO, as chondrule Mg#’s decrease from 100 to 90. How-
ever, such a relationship is not clearly defined among cur-
rent type I chondrule datasets because either (1) they lack
detailed Mg#’s; (2) not enough data exist within a given
study; (3) the chondrules studied encompass a limited
Mg# range (e.g. type I chondrules measured by Ushikubo
et al., 2012 and Tenner et al., 2013 mainly have
Mg#’s > 98, while a few have Mg#’s near 95); or (4)
Mg# data are compromised by Fe-Mg diffusion during
thermal metamorphism (e.g. Allende CV3.6 chondrules
measured by Rudraswami et al., 2011). As a result, we have
chosen to investigate Mg# and O-isotope systematics from
a large suite of type I chondrules in pristine, CR3.0 chon-
drites by scanning electron microscopy (SEM), electron
microprobe analysis (EMP), and SIMS. CR3.0 chondrites
are ideal for this undertaking because they lack evidence
of thermal metamorphism and aqueous alteration (Abreu
and Brearley, 2010), and because CR chondrites are domi-
nated by type I chondrules with a more complete range of
Mg#’s (Weisberg et al., 1993). By determining the relation-
ship between Mg#’s and oxygen isotope ratios of type I CR
chondrules, our goal is to more clearly understand the envi-
ronment from which they formed.

2. SAMPLE SELECTION AND ANALYTICAL
TECHNIQUES

Meteorite Hills (MET) 00426 and Queen Alexandra
Range (QUE) 99177 CR chondrites were chosen for inves-
tigation. Their mineralogic and petrologic characteristics
(i.e. ubiquitous amorphous material and nanosulfides in
matrices and fine-grained rims, preserved unaltered chon-
drule glass, and very low abundances of phyllosilicates
and calcite in matrices) indicate they escaped significant
thermal metamorphism and aqueous alteration, leading to
their classification as rare, petrologic type 3.00 chondrites
(Abreu and Brearley, 2010). CR chondrites also have abun-
dant type I chondrules with olivine compositions ranging
from Fogg—g9 5 (Weisberg et al., 1993). Thin sections MET
00426,46 and QUE 99177,49 were obtained for
characterization.

2.1. Scanning electron microscopy

Chondrule petrography was examined with a Hitachi
S-3400 N SEM equipped with an energy dispersive X-ray
spectrometer (EDS). Regions from phenocrysts that were
free of cracks, pits and inclusions were identified as targets
for EMP and SIMS analysis. When possible, we located
regions of interest from both multiple phenocrysts and mul-
tiple phases per chondrule.

2.2. Electron microprobe analysis

Major element oxide (SiO,, TiO,, Al,O3, Cr,03, FeO,
MnO, MgO, CaO, Na,O, and K,O) concentrations of crys-
talline phases were obtained with a Cameca SX-51 electron
microprobe (EMP) using a 15 keV accelerating voltage, a
10 nA beam current, a fully focused beam, and respective
peak and background counting times of 10 and 5 s. Stan-
dards consisted of olivine (Foy, g3, 89, 100), Pyroxene (ensta-
tite, diopside, wollastonite, augite, jadeite and omphacite),
plagioclase (Ang, s, 49, 67. 78, 95), rutile, hornblende, chro-
mite, hematite, tephroite, and microcline. Data reduction,
including a @(pZ) matrix correction, was performed with
Probe for Windows software. For plagioclase, Na count
rates were monitored using albite-rich endmember stan-
dards, and no appreciable drop-off was observed under
analytical conditions. Calculated detection limits (at 99%
confidence) are 0.06, 0.05, 0.05, 0.06, 0.09, 0.08, 0.05,
0.04, 0.05, and 0.03 wt.%, respectively, for the oxides listed
above. During sessions olivine, pyroxene, and plagioclase
standards were periodically analyzed as unknowns to
ensure that appropriate concentrations and totals of 99—
101 wt.% were achieved, and that cations were within 0.01
of ideal stoichiometry. Line traverses of EMP analyses were
collected at the exact locations of subsequent SIMS
analyses.

2.3. Oxygen three-isotope analysis by SIMS

In-situ oxygen three-isotope measurements of olivine,
pyroxene, and plagioclase in chondrules were acquired with
the Cameca IMS 1280 SIMS at the University of Wiscon-
sin-Madison. Analytical methods are similar to those
described in Kita et al. (2010). The primary Cs" beam
was tuned to produce a 15 pm diameter spot with a primary
ion intensity of ~3 nA. Secondary ions of '°0, 170, and '*0
were detected with three Faraday cups simultaneously, with
rates of ~2.5 x 10°, ~1 x 10°%, and ~5 x 10° counts per sec-
ond (cps), respectively. Mass resolving power (MRP at 10%
peak height) was set to ~2200 for '°O and '*0 using two
detectors on the multi-collection array, and 5000 for 'O
using a mono-collector at a fixed position. Following each
analysis '°0O'H was monitored to determine its contribution
to the 7O signal (e.g. Heck et al., 2010) and was calculated
to have an effect of less than 0.19,,, with a typical contribu-
tion of ~0.019,.

External reproducibility was established and intermit-
tently monitored by measurements of a San Carlos olivine
standard (5'%0 = 5.32%, VSMOW; Kita et al., 2010), where
8 standard analyses, 4 before and 4 after, bracketed 10-15
analyses of unknowns (Kita et al., 2009). External repro-
ducibility is calculated as twice the standard deviation
(2SD) of San Carlos olivine bracketing measurements (#:
31 brackets), with average values of 0.3, 0.4 and 0.49, for
3180, 870, and A0 (=8'"0-0.52 x 5'%0), respectively.
The external reproducibility in §'7O is similar to the inter-
nal error in 8'’0, and is consistent with the thermal back-
ground noise (400 cps per 100 s integration; 1SD) from
the FC detector. However, the external reproducibility in
3'80 exceeds the respective internal error of a single analy-
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sis (typically 0.19,,), indicating the instrumental bias varies
from one spot to the next (e.g. Kita et al., 2009). As a result,
we assign the bracketing 2SD to represent the uncertainty
of a single analysis. For reference, internal errors among
standards and unknowns were indistinguishable. As such,
we did not include internal error in the spot to spot
uncertainty.

Instrumental biases due to variability in olivine and
pyroxene compositions were assessed by measuring
Fogo_100, low-Ca pyroxene (Engs o7), and diopside (Wosg)
standards with known 8'®Oygmow values, and by establish-
ing calibration curves normalized relative to the bias of the
San Carlos olivine bracketing standard (Appendix EAT).
Endmember ranges of standards cover the compositions
of nearly all unknowns measured. Differences in the bias
correction as a function of endmember component for
Foeo_100, Engs_1g0, and Wog_sg are, at a maximum, 0.5%,,
0.9%,, and 2.8%,, respectively (Appendix EA1). For plagio-
clase measurements a constant 2.09, bias correction was
applied, based on an Angs standard. This is appropriate
given that unknowns are near Angs in composition.

To assess the degree of homogeneity of chondrule
oxygen isotope ratios, multiple SIMS analyses were collected
per chondrule (n = 3 to 14; average: 8). This is particularly
important because chondrules from carbonaceous chon-
drites often have olivines with heterogeneous oxygen iso-
tope ratios (Kunihiro et al., 2004, 2005; Wasson et al.,
2004; Connolly and Huss, 2010; Rudraswami et al., 2011;
Ushikubo et al., 2012; Schrader et al., 2013; Tenner et al.,
2013), indicating they did not crystallize from the final
chondrule melt. Such olivines likely attained their oxygen
isotope signatures from a previous generation of melting
and crystallization of solid precursors; grains then remained
partially or fully intact during the final chondrule-forming
event. Their oxygen isotope signatures were preserved
because of low oxygen diffusion rates in olivine at chon-
drule-forming conditions (e.g. Chakraborty, 2010). Such
olivines are commonly defined as “relicts”; their data are
excluded when determining the “host” oxygen isotope ratio
of a chondrule, defined as that representing the bulk value
of the final chondrule melt. Similar to Ushikubo et al.
(2012) and Tenner et al. (2013), we define relict olivines as
those with A!'7O values exceeding the 3SD external repro-
ducibility (in this study, 0.6%,) when compared to the aver-
aged “host” A'7O value of a chondrule.

Uncertainties of averaged 3'30 and §!’O per chondrule
are taken as the propagation of (1) the 2 standard error
(2SE) of chondrule analyses (=2SD/,/number of analyses);
(2) the 2SE of associated San Carlos olivine bracketing
analyses, which accounts for uncertainty in the matrix cor-
rection (e.g. Appendix EA1); and (3) the uncertainty due to
sample topography and/or sample positioning on the SIMS
stage, estimated to be 0.3%, for §'%0 and 0.15%, for 3'70
(Kita et al., 2009). The propagated uncertainty in A'’O uses
only components (1) and (2), because (3) is mass-dependent
and does not affect A!70.

After SIMS analyses backscattered electron (BSE)
images were collected of sputtered pits. Fifteen of 404 pits
significantly overlapped surface imperfections and/or for-
eign phases (>20% of the pit); such analyses were rejected

due to an increased likelihood of erroneous 8'°0 and
3'70 data.

3. RESULTS

Representative BSE images of chondrules are shown in
Fig. 2. BSE images of all chondrules, denoting SIMS pits
and analysis numbers, are shown in Appendix EA2. EMP
data are compiled in Appendix EA3. Individual oxygen iso-
tope measurements are summarized in Appendix EA4.

3.1. Chondrule petrography and mineralogy

Within the MET 00426,46 section essentially every
chondrule/fragment was investigated (Appendix EA2), con-
stituting 26 type I chondrules/fragments, and 3 type II
chondrule fragments. Type I chondrules/fragments range
from 200 um to 2 mm in diameter, while type II chondrule
fragments are 70-100 pm in size. Twenty-five type I chond-
rules/fragments are porphyritic; 3 are porphyritic olivine
(PO; >80% modal olivine, relative to pyroxene) (e.g.
Fig. 2a), 4 are porphyritic pyroxene (PP; <20% modal oliv-
ine) (e.g. Fig. 2b), and 18 are porphyritic olivine-pyroxene
(POP; 20-80% modal olivine) (e.g. Fig. 2c) in texture.
One type I chondrule has a barred olivine (BO) texture
(Fig. 2d). Type II chondrule fragments are PO textured
(e.g. Fig. 2e and f). Fifteen of 29 objects have a high degree
of angularity along their outer periphery, leading to their
classification as chondrule fragments (e.g. Ebel et al.,
2008). One chondrule, M5, is irregular in shape (Appendix
EA2). Admittedly, classification of chondrules as frag-
ments, or as being irregularly-shaped, is somewhat subjec-
tive. Within each type I chondrule/fragment, olivine and
low-Ca pyroxene compositions are spatially homogeneous,
with typical Fo, En, and Wo variations of 0.2, 0.4 and 0.1,
respectively (1SD). Chondrule fragment M3 (type I PP;
Fig. 2b) exhibits the greatest spatial variability, as low-Ca
pyroxenes vary by 1.6 and 1.2 (1SD) in En and Wo. Aver-
aged olivine Fo contents among type I chondrules range
from 96.7 to 99.2, and averaged low-Ca pyroxene En and
Wo contents range from 91.4 to 98.1, and 0.4 to 3.0, respec-
tively. Within the bounds of EMP analyses type II chon-
drule fragments exhibit greater Fo spatial variability, as
M11, M15, and M25 have 1SD’s of 0.8, 3.7, and 1.8, respec-
tively (Appendix EA3). No high Fo content cores are pres-
ent in their phenocrysts (e.g. Fig. 2e, f). Averaged Fo
contents in M11, M15, and M25 are 53.4, 53.8, and 62.2,
respectively.

The QUE 99177,49 section has 55 type I chondrules/
fragments (Appendix EA2). No suitable type II chond-
rules/fragments were located. Nineteen of 55 were chosen
for characterization based on (1) maximizing the range of
constituent olivine/pyroxene Mg#’s; and (2) the presence
of measurable anorthite for future 2°Al-**Mg isotope chro-
nology by SIMS. Chosen chondrules/fragments are 400 um
to 3 mm in size. Of the 19 type I chondrules/fragments, 15
are POP (e.g. Fig. 2h) and 1 is a PO chondrule (Fig. 2i). The
remaining three chondrules are layered/compound in tex-
ture; two consist of a BO core and a POP periphery
(Fig. 2j and k), and one is a large POP chondrule containing
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Fig. 2. Representative BSE images of chondrules from MET 00426 and QUE 99177. Scalebars are 200 um, except for panels e and f, which
are 50 pm. From MET 00426: (a) M19, a type I porphyritic olivine (PO) chondrule; (b) M3, a type I porphyritic pyroxene (PP) chondrule
fragment; (c) M1, a type I porphyritic olivine-pyroxene (POP) chondrule; (d) M 18, a type I barred olivine (BO) textured chondrule; (e and f)
MI1 and M15, type II PO chondrule fragments. From QUE 99177: (g) Q37, a type I POP chondrule fragment with glassy mesostasis (black
arrow); (h) Q42, a type I POP chondrule fragment; (i) Q1, a type I PO chondrule; (j) Q13, a type I compound chondrule with BO and POP
features; (k) Q36, a type I compound chondrule with BO and POP features; (1) Q15, a type I layered chondrule that is POP textured, with
smaller chondrules along the outer periphery (white arrows). In many of the panels, the 15 um pits from SIMS analyses are easily visible.



T.J. Tenner et al./ Geochimica et Cosmochimica Acta 148 (2015) 228-250 233

small chondrules along its periphery (Fig. 21). Seven of 19
are classified as chondrule fragments, and four chondrules
are irregularly shaped. Similar to MET 00426, multiple
EMP analyses within QUE 99177 chondrules/fragments
revealed spatially homogeneous olivines and low-Ca pyrox-
enes, with typical Fo, En, and Wo 1SD values of 0.2, 0.3,
and 0.1, respectively. Chondrule fragment Q42 (POP;
Fig. 2h) exhibits the greatest spatial variability, as olivine
Fo contents vary by 1.1 (1SD) (Appendix EA3). Chondrule
Q13, a compound chondrule, contains a large Fogg 3 pheno-
cryst set in a Fogg 4 barred olivine texture (Fig. 2j). This
phenocryst has features suggesting it may or may not have
crystallized from the final chondrule melt (Appendix EAS).
Averaged Fo contents among chondrules/fragments range
from 95.7 to 99.2, and averaged chondrule low-Ca pyrox-
ene En and Wo contents range from 94.2-98.1 and 0.4—
3.0, respectively (Appendix EA3).

Chondrules from MET 00426 and QUE 99177 have sim-
ilar accessory phases. All type I chondrules/fragments have
Fe, Ni metal and the type II chondrule fragments have
small amounts of Fe-sulfides, as determined by EDS. All
measured chondrules/fragments have mesostasis; 43 of 48
have mesostasis with a heterogeneous texture, typically con-
sisting of fine-to-coarse grained pyroxene and plagioclase
(e.g. Fig. 3). Type II chondrule fragments M11, M15, and
M25 have glassy mesostasis, with approximate SiO,,
AlLO3, FeO, MgO, Ca0O, and Na,O contents of 60, § to
14, 13, 2 to 5, 0.5, and 8 to 12 wt.%, respectively, deter-
mined by EDS. Type I chondrule fragments M12 and
Q37 also have glassy mesostasis (e.g. Fig. 2g), with approx-
imate SiO,, Al,O3;, FeO, MgO, CaO, and Na,O contents
(by EDS) of 56, 24, 1, 3, 12, and 2.5 wt.%, respectively, in
M12, and 68, 15, 4, 1.5, 6.5, and 3.5 wt.%, respectively, in
Q37. No replacement phyllosilicates, commonly found in
CR2 chondrule mesostasis (e.g. Weisberg et al., 1993;
Krot et al., 2002a), were observed in the CR3 chondrules/
fragments. As mesostasis regions are typically too small
for a 15 pm SIMS spot analysis, and/or are heterogeneous
and quench textured, we chose not to measure their oxygen
isotopes. Accessory Ca-pyroxene and plagioclase are asso-
ciated with mesostasis in type I chondrules; specifically,
they exhibit overgrowth textures consistent with late-stage
crystallization from the chondrule melt (e.g. Fig. 3).
Regarding accessory pyroxenes, there are two distinct com-
positions: high-Ca pyroxene (En: 53.9-64.4; Wo: 32.9-44.7,

Appendix EA3), and pyroxene with an intermediate com-
position (En: 89.7-95.4; Wo: 3.5-8.4; Appendix EA3).
Intermediate pyroxenes are more calcic than coexisting
low-Ca pyroxenes, and are similar in composition to inter-
mediate pyroxenes measured in type I Mokoia CV3 chond-
rules by Jones and Schilk (2009). Many intermediate
pyroxenes are CaO-depleted relative to pigeonite, which is
defined as Wos_5o. Chondrule Q37 has laths of zoned acces-
sory pyroxene overgrowths that are less calcic (Wo: 0.5-1.2)
than typical intermediate pyroxenes, but are more calcic
than coexisting low-Ca pyroxene (Wo: 0.3) (Appendix
EA3). For this reason we refer to these as intermediate
pyroxene, but they are also zoned in Al, Cr, Mn, and Ti
(Appendix EA3). Anorthite contents of crystalline plagio-
clase (verified by optical microscopy) range from 72 to 92,
using calculation methods from Beaty and Albee (1980).

3.2. Chondrule Mg#

In 36 of the type I chondrules, EMP measurements
allow for comparing Mg#’s of coexisting olivine and low-
Ca pyroxene. Per chondrule, 35 of 36 have coexisting oli-
vines and low-Ca pyroxenes with Mg#’s that differ by
one or less (Fig. 4). In chondrule Q5 olivine phenocrysts
have slightly higher Mg#’s (98.3), relative to low-Ca pyrox-
enes (96.3; Fig. 4); this relationship is examined within the
context of respective oxygen isotope measurements in sec-
tion 4.1.

The similarity of coexisting olivine and pyroxene Mg#’s
is a common occurrence in chondrules from chondrites that
experienced minimal thermal metamorphism and aqueous
alteration (Jones, 1994; Tachibana et al., 2003; Ushikubo
et al., 2012; Tenner et al., 2013; Fig. 4). Based on this same
occurrence in MET 00426 and QUE 99177 chondrules/
fragments, and also stemming from the dominance of oliv-
ine and/or low-Ca pyroxene in chondrule silicate assem-
blages, we define the Mg# of a chondrule as the average
of its constituent olivine and/or low-Ca pyroxene. This is
the same definition employed by Ushikubo et al. (2012)
and Tenner et al. (2013) for chondrules from Acfer 094
(ungr. C 3.00) and CO3.05 chondrites, respectively. Uncer-
tainties in chondrule Mg# are defined as the range; specif-
ically, we use the maxima and minima of measured olivine
and/or low-Ca pyroxene Mg#’s per chondrule, and calcu-
late their differences relative to the chondrule Mg#. By this

x250 BSECOMP

Fig. 3. BSE images of type I POP chondrule M29, illustrating typical textures of accessory high-Ca pyroxene, intermediate pyroxene, and
plagioclase. Each accessory phase is associated with mesostasis in type I chondrules/fragments. SIMS pits are labeled according to mineral

phase.



234 T.J. Tenner et al./ Geochimica et Cosmochimica Acta 148 (2015) 228-250

100 T T T
F [ @ MET 00426 (CR) ]

99 | v QUE 99177 (CR) .
= ;
= 9% -
) s ]
GC) L .
2 97 -
e I ]
2 96| p 3
© - 4
Q .F :
z 95 3
o - < Acfer 094 (ungr.)| ]
oaf 0 Y 81020 (CO) |1

[ A Semarkona (LL) | ]
93'....I....I....I....I....I....I....'
93 94 95 96 97 98 99 100

olivine Mg#

Fig. 4. Comparison of olivine and low-Ca pyroxene Mg#’s in
chondrules from MET 00426 and QUE 99177, as well as
comparisons of type I chondrules from Semarkona (LL3.0;
Jones, 1994; Tachibana et al., 2003), Acfer 094 (ungr. C 3.00;
Ushikubo et al., 2012), and Yamato 81020 (CO3.05; Tenner et al.,
2013) chondrites. Each datum represents the averaged Mg# of
olivine and low-Ca pyroxene that coexist within a single chondrule,
showing 1SD uncertainties. The solid line represents a one to one
relationship. Data from chondrule Q5 are examined within the
context of respective oxygen isotope measurements in Section 4.1.

definition, greater uncertainties in chondrule Mg#, due
either to slight spatial variability from igneous zoning
(e.g. chondrule fragments M3 and Q42, described in 3.1)
or differences in Mg#’s between constituent olivine and
low-Ca pyroxene (e.g. chondrule QS5) are accounted for.
This definition is also appropriate for the MET 00426 type
II chondrule fragments, because larger spatial variabilities
in their olivine compositions, likely due to igneous zoning,
are accounted for. Chondrule Mg#’s are summarized in
Table 1.

3.3. Oxygen isotope ratios

A total of 389 SIMS spot analyses of unknowns, col-
lected in two sessions (one each for MET 00426 and
QUE 99177 sections), were used to assess oxygen isotope
systematics of chondrules (Appendix EA4). Regardless of
which mineral phase was measured, data from each chon-
drule exhibit nearly indistinguishable oxygen isotope ratios
and plot on the PCM line (e.g. Fig. 5a and b). Averaged
chondrule 5'%0, §'70, and A'7O values typically have prop-
agated uncertainties of 0.5%,, 0.49,, and 0.39,, respectively
(Appendix EA4). Table 1 lists the minerals measured per
chondrule, and the number of measurements per mineral.
For a given chondrule, the homogeneity of oxygen isotopes
among different minerals indicates each phase crystallized
from the final chondrule melt, thus, defining the chondrules
host oxygen isotope ratio. However, five type I chondrules,
M2, Q1, Q15, Q42, and Q44, have SIMS measurements of
olivine grains that do not match respective homogeneous
chondrule data (e.g. Fig. 5b); their A'’O values are 1-2%,

lower when compared to respective host chondrule values
(Fig. 5d). As such, these olivines are defined as relicts (Sec-
tion 2.3). Their A0 values (—3.2%, to —5.8 %,; Table 1)
are within the range of host values measured in type I
chondrules from this study and from other carbonaceous
chondrites (Rudraswami et al., 2011; Libourel and
Chaussidon, 2011; Ushikubo et al., 2012; Tenner et al.,
2013; Schrader et al., 2013).

Averaged host chondrule oxygen isotope ratios are given
in Table 1. On a three-oxygen isotope diagram, 37 of 48
averaged chondrule data overlap the PCM line if consider-
ing their uncertainties; the remaining chondrules plot
within 0.8 %, of the PCM line (Fig. 6). Chondrule A0 val-
ues nearly continuously range from —5.99, to +0.6 9, (e.g.
Fig. 5d); specifically, type I chondrules have A'’O values
between —5.99%, and —0.89,; type II chondrule fragments
are comparatively '®O-poor, with A7O values of 0.2—
0.6%,. Although type II chondrules from LL3 chondrites
have similar A'7O values (e.g. Kita et al., 2010), the type
II CR3 chondrule fragments are ~1 9, greater in 8'30.

4. DISCUSSION
4.1. Chondrule Mg# vs. A'O

Among the type I chondrules there is a well-defined cor-
relation of increasing A'’O, from —5.9%, up to —0.8 %,
with decreasing chondrule Mg#, from 99.2 to ~96; only
chondrule Q37 (Mg#: 95.8; A'7O: —3.3 9,), significantly
deviates from this relationship (Fig. 7). To the best of our
knowledge, this is the first time such a continuous trend
has been found among type I chondrules within a single
carbonaceous chondrite group. In addition, four chond-
rules with Mg#’s ranging from 94 to 53 are '®O-poor rela-
tive to Mg# > 96 chondrules, with A'70 values of —0.8%, to
0.6%,.

In chondrule Q35, oxygen isotope ratios of coexisting
olivine and low-Ca pyroxene are indistinguishable within
analytical uncertainties (Appendix EA4), suggesting they
represent the host chondrule value. However, the olivines
in Q5 have comparatively higher Mg#’s than the low-Ca
pyroxenes (Fig. 4; Appendix EA3). This could have
occurred if the olivines crystallized at high temperatures
where Fe condensation was incomplete, and if low-Ca
pyroxenes crystallized at lower temperatures, where Fe con-
densation was more complete (e.g. Ebel and Grossman,
2000). Alternatively, the olivines could have crystallized
under more reducing conditions than the low-Ca pyroxene,
in such a manner that did not influence the oxygen isotope
ratio of the chondrule melt. However, it cannot be ruled out
that Q5 olivines instead have a relict origin, and formed in
an oxygen isotope reservoir with the same value as the final
chondrule melt. If so, the Mg# of low-Ca pyroxene in Q5,
96.3 + 0.1 (Appendix EA3), would more closely approxi-
mate the chondrule Mg#, rather than the value we report
in Table 1 (97.3 £ 1.1).

The observation that type I CR chondrules become
increasingly '°O-poor with decreasing Mg#, arguably
trending towards the Mg#’s and oxygen isotope ratios of
type II CR chondrules (e.g. Fig. 7), suggests precursors
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Table 1
Oxygen isotope data for MET 00426 and QUE 99177 chondrules.

Chondrule®  Type, texture  n(ol, Ipx, int. px, hpx, pI)  8'%0  wunc. 870 unc. A0 unc. AY02SD Mgh® +/—°

MET 00426
Ml I, POP 4,5,0,4,0 1.9 05 -0.3 04 —-14 03 0.5 97.0 0.5,0.6
M2 1, POP 3,3,1,0,0 1.0 0.8 -12 038 -1.6 0.3 0.6 97.9 0.5,0.3
M2 relict ol 1,0,0,0,0 -1.3 03 -39 0.6 -32 0.6 n.a. 97.7 n.a.
M3 (f) 1, PP 0,7,0,0,0 27 04 0.5 0.3 -0.9 0.3 0.4 94.2 1.0,0.7
M4 I, POP & BO 1,4,0,0,0 -0.2 03 -2.7 03 -2.6 03 0.5 98.5 0.3,0.2
M35 (ir.) 1, POP 3,2,0,0,0 00 0.5 -29 03 -29 03 0.5 98.1 0.4,0.2
M6 (f) 1, POP 4,4,0,0,0 -23 04 -54 04 —-42 02 0.6 99.0 0.1,0.1
M7 (f) 1, PP 0,4,0,0,0 31 05 0.8 0.5 -0.8 04 0.8 96.7 0.2,0.6
M3 (f) I, POP 3,0,0,0,0 22 04 -0.6 0.7 -1.8 0.7 1.1 97.9 0.2,0.3
M9 1, POP 4,4,1.4,0 29 04 0.7 04 -0.9 0.3 0.5 97.3 0.5,0.6
MI10 I, POP 4,4,0,0,0 1.1 0.5 -1.8 04 -23 02 0.4 97.3 0.5,0.8
Ml11 (f) 11, PO 4,0,0,0,0 54 03 30 05 02 05 0.3 534 0.9,0.8
MI12 (f) I, POP 4,4,1,3,0 -53 05 -83 04 -56 03 0.5 99.1 0.3,0.5
M13 (f) 1, POP 1,4,0,0,0 -03 03 -2.6 03 -24 02 0.4 98.6 0.2,0.1
M14 (f) I, POP 3,4,0,2,0 04 0.6 -1.9 0.5 -2.1 03 0.7 98.0 0.6,0.4
M15 (f) 11, PO 3,0,0,0,0 56 03 35 0.6 0.6 0.6 0.6 53.8 3.3.4.1
Ml16 I, POP 4,3,0,1,0 1.0 0.5 -1.8 03 -23 03 0.7 97.8 0.5,1.0
M17 1, POP 4,4,0,0,0 06 04 -2.1 03 -24 02 0.5 98.3 0.2,0.6
M138 I, BO 4,3,0,0,0 =52 0.5 8.1 0.6 -53 04 1.0 99.0 0.1,0.1
MI19 1, PO 8,0,0,0,0 1.3 03 -12 02 -19 02 0.6 98.4 0.1,0.2
M20 I, POP 1,2,0,1,0 -22 1.0 —4.4 0.6 -32 05 0.2 98.4 0.3,0.2
M21 1, POP 3,4,3,0,0 1.1 05 -1.0 03 -1.6 02 0.5 98.1 0.3,0.2
M22 (f) I, PO 8,0,0,0,0 =55 03 —-8.8 03 =59 02 0.4 99.1 0.2,0.1
M23 1, POP 6,0,2,0,0 -3.5 0.7 —-6.5 04 —47 02 0.4 99.2 0.1,0.1
M24 (f) I, POP 2,3,2,0,0 02 0.5 -2.0 04 -22 02 0.3 98.5 0.2,0.3
M25 (f) 11, PO 3,0,0,0,0 57 04 33 0.6 03 0.6 0.3 62.2 2.1,1.1
M26 (f) I, PO 6,0,0,0,0 0.5 0.5 -2.7 03 =29 02 0.5 98.4 0.1,0.1
M27 (f) 1, PP 0,4,0,0,0 1.2 0.5 -1.1 03 -1.8 0.2 0.2 97.8 0.4,0.5
M28 (f) I, POP 4,4,0,0,0 09 04 -1.5 04 -2.0 03 0.7 98.1 0.4,0.3
M29 1, POP 4,44.1,0 -0.3 04 -26 03 -24 03 0.7 98.6 0.2,0.2
QUE 99177
Ql I, PO 6,0,2,0,0 -14 04 —48 04 4.1 03 0.8 98.6 0.1,0.2
QI relict ol 1,0,0,0,0 —4.7 0.6 -82 04 -58 0.5 n.a. 98.4 n.a.
Q4 (f) 1, POP 4,4,0,1,0 2.1 0.5 -1.0 03 =21 02 0.4 96.3 0.4,0.6
Q5 1, POP 4,4,0,0,0 31 04 03 02 -13 02 0.2 97.3 1.2,1.1
Q7 (ir.) I, POP 5,3,0,0,2 -29 05 —-6.8 03 -52 03 0.5 99.0 0.2,0.1
Q13 I, compound  3,4,0,0,2 1.1 04 -14 04 -19 03 0.6 98.4 0.2,0.2
Ql5 1, layered 4,5,0,1,1 -0.3 04 -3.0 03 -2.8 0.2 0.5 98.6 0.1,0.3
Q15 relict ol 1,0,0,0,0 -52 04 -84 0.6 -57 0.5 n.a. 98.7 n.a.
Q16 (f) 1, POP 4,4,1,0,1 -32 04 -6.7 03 -50 0.3 0.6 99.0 0.2,0.3
Q19 () 1, POP 4,4,0,0,0 -32 04 —-6.5 0.5 -49 0.3 0.9 98.7 0.7,0.8
Q24 (ir.) I, POP 4,4,0,0,1 1.7 0.5 -1.1 03 -2.0 0.2 0.5 98.0 0.3,0.3
Q35 (ir.) 1, POP 4,2,1,0,1 23 0.5 -09 04 -2.1 03 0.8 98.3 0.2,0.3
Q36 1, compound 7,7,0,0,0 23 04 -0.5 03 -1.7 0.3 0.3 97.4 0.7,0.9
Q37 (f) 1, POP 3,3,3,0,0 -0.7 04 =37 03 -33 02 0.4 95.8 0.8,0.4
Q38 () I, POP 3,4,0,0,1 —4.0 0.7 -74 03 -53 0.3 0.8 99.0 0.1,0.2
Q42 (f) 1, POP 6,3,0,0,0 0.5 05 -23 04 -2.6 0.3 0.7 97.5 0.8,1.5
Q42 relict ol 1,0,0,0,0 —-4.1 04 -75 04 -54 04 n.a. 96.5 n.a.
Q43 I, POP 6,2,4,0,0 1.1 04 -1.8 03 -24 02 0.5 97.2 0.4,0.6
Q44 1, POP 3.4,0,1,1 07 04 -2.0 03 -24 02 0.5 98.3 0.2,0.2
Q44 relict ol 1,0,0,0,0 —-1.5 02 -51 04 —-44 04 n.a. 98.1 n.a.
Q47 (ir.) 1, POP 4,3,1,0,1 -0.3 0.5 -2.7 04 -2.6 02 04 97.9 0.1,0.1
Q51 I, POP 3,3,0,0,0 08 0.5 -1.6 04 -2.0 03 0.7 98.1 0.3,0.6
Q53 (f) 1, POP 4,4,2,0,0 1.1 04 -1.6 03 -22 02 0.4 98.1 0.3,0.2

# (f) = chondrule fragment; (ir.) = irregularly shaped chondrule. Discussions in Zanda et al. (2002) and Ebel et al. (2008) were used as guides
to distinguish chondrule fragments from irregularly shaped chondrules.

® Chondrule Mg# = molar’% MgO/(MgO + FeO) of constituent olivine and/or low-Ca pyroxene.

¢ Uncertainties represent the range in measured Mg#’s of constituent olivine and/or low-Ca pyroxenes in chondrules.
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Fig. 5. (a) oxygen three-isotope diagram of SIMS data from chondrule M1. Measurements from multiple phases (Ol: olivine; LPx: low-Ca
pyroxene; Int Px: intermediate pyroxene; HPx: high-Ca pyroxene) yield nearly homogeneous data, indicating they crystallized from the final
chondrule melt and represent the “host” chondrule oxygen isotope ratio. Shown for comparison are the primitive chondrule mineral (PCM;
Ushikubo et al., 2012), carbonaceous chondrite anhydrous mineral (CCAM; Clayton et al., 1977), Young and Russell (1998), and terrestrial
fractionation lines. Uncertainties are the external reproducibility of bracketing San Carlos olivine measurements. (b) oxygen three-isotope
diagram of SIMS data from chondrule M2. One measurement from an olivine grain exceeds the 3SD of the average A!’O (=8'"0-
0.52 x 8'%0) of the other 6 measurements; this criterion defines the olivine as a “relict” grain, meaning it derived its oxygen isotope ratio from
a previous generation of chondrule melting/crystallization. (c) A'’O values of chondrule M1 and M2, taken as the average of the “host”
mineral data shown in (a) and (b). Relict grains are excluded when determining chondrule A'’O. Propagated 2SE uncertainties are smaller
than the symbols. (d) Averaged A'7O values of all MET 00426 (red circles) and QUE 99177 (inverted red triangles) chondrules/fragments from
this study. Uncertainties are the propagated 2SE of “host” mineral data per chondrule/fragment. Unless otherwise noted, chondrules/
fragments are type 1. BO: type I barred olivine texture; C: type I compound chondrule; L: type I layered chondrule. Also shown are data from
relict olivine grains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were predominantly influenced by the following: (1) a '°O-
O ] poor oxidizing agent, and/or (2) a 180-rich reducing agent.
@ MET 00426 CR3.0 1 Regarding the former, H,O ice in the Solar nebula may
Vv QUE 99177 CR3.0 .
have been a contributor, as suggested by Connolly and
Huss (2010), because it is relatively 16O-poor (e.g.
Sakamoto et al., 2007; Yurimoto et al., 2008; Fig. 1). In
addition, carbonaceous chondrites likely accreted farther
from the Sun than enstatite and ordinary chondrites
(Rubin and Wasson, 1995), where there could have been
abundant H,O ice (Cuzzi and Zahnle, 2004). Regarding
the latter, gas of a Solar composition may have played a
role, as it imposes highly reducing conditions (e.g.
Grossman et al., 2008), and was probably '®O-rich (e.g.

-10 5 0 5 10 McKeegan et al., 2011; Fig. 1). It is also possible that

5'°0 (%0) reduced '®O-poor organic matter (e.g. Hashizume et al.,

2011; Fig. 1) was a contributor, but addition of such car-

Fig. 6. Oxygen three-isotope diagram illustrating values of chond- bon-rich material would tend to form chondrules with
rules from MET 00426 (red circles) and QUE 99177 (inverted red higher Mg#’s (e.g. Connolly et al., 1994) and higher A'’0
triangles). Each datum is the averaged 8"°0 and 57O value of a values; this relationship is opposite of the trend in Fig. 7.

chondrule. Uncertainties are propagated 2SE. Shown are the
primitive chondrule mineral (PCM; Ushikubo et al., 2012),
carbonaceous chondrite anhydrous mineral (CCAM; Clayton . L.
et al, 1977), Young and Russell (1998), and the terrestrial ship tF) l‘_)e rather limited.

fractionation lines. (For interpretation of the references to colour Within chondrule precursors abundances of H,O, Solar
in this figure legend, the reader is referred to the web version of this gas, and organic material were likely intimately related
article.) to the degree of dust enrichment, which has long been

As such, one might expect the influence of organic matter
on the CR3 chondrule Mg# and oxygen isotope relation-
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Fig. 7. MET 00426 (red circles) and QUE 99177 (red inverted triangles) chondrule Mg#’s versus A'7O values. Each datum represents the
Mg# and averaged A'7O value of a single chondrule. Chondrule Mg# uncertainty represents the range of measured values, while uncertainties
in A0 are the propagated 2SE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

considered a necessary condition to form chondrules (e.g.
Wood, 1967), and is one of the most plausible mechanisms
for controlling fO, during chondrule formation (e.g. Ebel
and Grossman, 2000); critically, we can use the Mg# and
oxygen isotope relationship of CR3 chondrules to quantify
each of these parameters. In the following sections we use
several aspects of existing equilibrium condensation models
and a simple oxygen isotope mass balance to determine if
the CR3 chondrule Mg# and oxygen isotope relationship
can be explained by mixing of various endmember chon-
drule precursor components.

4.2. Assessing the influence of the precursor assemblage on
redox conditions during chondrule formation

In order to evaluate redox conditions during CR chon-
drule formation, influences imposed by compositional
changes of the precursor assemblage must be constrained.
Dust enrichment is defined as adding a specified amount
of a solid component, often CI chondritic in composition,
to gas of a Solar composition (Ebel and Grossman,
2000). At an enrichment factor of n, the composition of
an assemblage is obtained by adding (n — 1) units of dust
to Solar gas. Atomic abundances of Solar gas and dust
are normalized to 10° atoms of Si. Shown in Table 2, the
net effect of dust enrichment is oxidation of the chon-
drule-forming environment. For instance, Ebel and
Grossman (2000) calculate that precursors enriched in CI
dust by 100x, 500x, and 1000x(total pressure, P*°%: 1073
atm) yield increases in fO, by ~3, 4.5, and 5 log units,
respectively, when compared to gas of a Solar composition.
This effect is temperature independent; Fig. 4 from Ebel
and Grossman (2000) illustrates log fO, versus temperature
curves of precursor assemblages that are concentric with
one another, and also to the iron-wiistite buffer, from
1200 to 2400 K.

In addition to dust enrichment, enhancement of chon-
drule precursors in H>O ice may have occurred by transport

of icy materials to the inner regions of the protoplanetary
disk (Ciesla and Cuzzi, 2006). Such a process would have
contributed to oxidizing the chondrule-forming environ-
ment. For example, Grossman et al. (2008) predict that
“icy” Solar gas (which they define as 10x relative H,O
abundance) yields an oxygen fugacity ~2 log units higher
than nominal Solar gas at a P'' of 107 atm. (Table 2).
Further, Fedkin and Grossman (2006) calculate that
125x “icy” CI dust (which they define as 1 part H,O per
10 parts Orgueil by weight) is ~0.3 log units more oxidizing
than nominal 125x CI dust at a P*** of 1072 bar. Similar to
Ebel and Grossman (2000), models from Fedkin and
Grossman (2006) and Grossman et al. (2008) show the
effect of increased fO, by ice enhancement does not change,
relative to the IW buffer, from 1450 to 2000 K.

Along with H,O, chondrule precursors might have a sig-
nificant amount of carbon (Table 2), which is a reducing
agent. Therefore, the influence of carbon on fO, must be
taken into account. We assess this below.

The oxygen fugacity imposed by a precursor assemblage
is strongly controlled by the abundances of H, O, and C
(e.g. Eq. 24 from Grossman et al., 2008), which are directly
related to the degree of enrichment in dust, H,O, and
organic material. As H/O and C/O ratios of a given assem-
blage decrease, the chondrule-forming environment
becomes more oxidized (Table 2); these relationships can
be used to estimate fO, during chondrule formation, as
shown in Fig. 8a and b. Here, we note that we have chosen
to gather data and perform calculations at a reference tem-
perature of 1480 K. This temperature is chosen because
under equilibrium conditions (1) low dust enrichments at
1480 K predict a silicate phase assemblage of melt, olivine,
Ca-poor pyroxene, and minor amounts of Ca-rich pyroxene
and feldspar (e.g. Fig. 6d from Ebel and Grossman, 2000),
which matches the phase assemblage in type I chondrules
(e.g. Fig. 2); (2) higher dust enrichments at 1480 K predict
a silicate phase assemblage dominated by melt and olivine
(e.g. Fig. 7d from Ebel and Grossman, 2000), which
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Table 2
Atomic abundances of Solar gas and CI dust; estimated imposed oxygen fugacities at 1480 K and P*% 107> atm or 10~ bar, taken from Ebel
and Grossman (2000) and Grossman et al. (2008).

Solar®? SolarA%S Icy Solar® CI dust*%© 100x CI° 500% CI° 1000x CI°
H 2.79 x 10'° 2.79 x 10'° 2.80 x 10'° 5.28 x 10° 2.84 x 10'° 3.05 x 1010 3.32 x 10'°
He 2.72 x 10° 2.72 x 10° 2.72 x 10° 2.72 x 10° 2.72 x 10° 2.72 x 10°
o) 1.37 x 107 2.38 x 107 6.62 x 107 7.63 x 10° 7.79 x 108 3.83 x 10° 7.65 x 10°
C 6.85 x 10° 1.01 x 107 6.85 x 10° 7.56 x 10° 8.49 x 107 3.87 x 10® 7.65 x 10®
N 3.13 x 10° 3.13 x 10° 3.13 x 10° 5.98 x 10* 9.05 x 10° 3.30 x 107 6.29 x 107
Mg 1.07 x 10° 1.07 x 10° 1.07 x 10° 1.07 x 10° 1.07 x 108 535 % 10° 1.07 x 10°
Si 1.00 x 10° 1.00 x 10° 1.00 x 10° 1.00 x 106 1.00 x 108 5.00 x 108 1.00 x 10°
Fe 9.00 x 10° 9.00 x 10° 9.00 x 10° 9.00 x 10° 9.00 x 107 4.50 x 108 9.00 x 108
S 4.46 x 10° 5.15 % 10° 4.46 x 10° 5.15 x 10° 5.15 x 107 2.58 x 108 5.15 x 108
Al 8.49 x 10* 8.49 x 10* 8.49 x 10* 8.49 x 10* 8.49 x 10° 4.25 x 107 8.49 x 107
Ca 6.11 x 10* 6.11 x 10* 6.11 x 10* 6.11 x 10* 6.11 x 10° 3.06 x 107 6.11 x 107
Na 5.74 x 10* 5.74 x 10* 5.74 x 10* 5.74 x 10* 5.74 x 10° 2.87 x 107 5.74 x 107
Ni 4.93 x 10* 4.93 x 10* 4.93 x 10* 4.93 x 10* 4.93 x 10° 2.47 x 107 4.93 x 10’
Cr 1.35 x 10* 1.35 x 10* 1.35 x 10* 1.35 x 10* 1.35 x 10° 6.75 x 10° 1.35 x 107
P 1.04 x 10* 1.04 x 10* 1.04 x 10* 1.04 x 10* 1.04 x 10° 5.20 x 10° 1.04 x 107
Mn 9.55 x 10° 9.55 x 10° 9.55 x 10° 9.55 x 10° 9.55 x 10° 4.78 x 10° 9.55 x 10°
K 3.77 x 10° 3.77 x 10° 3.77 x 10° 3.77 x 10° 3.77 x 10° 1.89 x 10° 3.77 x 10°
Ti 2.40 x 10° 2.40 x 10° 2.40 x 10° 2.40 x 10° 2.40 x 10° 1.20 x 10° 2.40 x 10°
Co 2.25 x 10° 225 x 10° 2.25 % 10° 2.25 x 10° 2.25 % 10° 1.13 x 10° 2.25 x 10°
H/O 2041 1172 423 0.69 36.48 7.97 434
Cc/0 0.50 0.42 0.10 0.10 0.11 0.10 0.10
log fO, — log TW —6.8° —6.1¢ —4.8° -3.1¢ —1.8¢ —1.3¢

“Solar gas and dust compositions are normalized to 10° atoms of Si. AP: Allende Prieto and Lambert (2001, 2002). A&G: Anders and
Grevesse (1989).

# Composition taken from Grossman et al. (2008). H,O is added relative to the Solar gas composition from Allende Prieto and Lambert
(2001, 2002).

® Composition is calculated by adding (n— 1) units of specified CI dust to the Solar gas composition from Anders and Grevesse (1989).

¢ fO, determined from Fig. 5 of Grossman et al. (2008).

4 0, determined from Fig. 4 of Ebel and Grossman (2000).
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Fig. 8. (a) H/O versus fO, of systems enriched in CI dust at 1480 K and P*%; 107> atm. or 107> bar. Data from Ebel and Grossman (2000) use
the Solar gas composition from Anders and Grevesse (1989), while data from Fedkin and Grossman (2006) and Grossman et al. (2008) use the
Solar gas composition from Allende Prieto and Lambert (2001, 2002). “Icy” Solar gas has 10x the amount of H,O, by weight, relative to the
nominal composition. The 125x “icy” CI dust enriched composition employs dust that consists of 1 part H,O to 10 parts Orgueil by weight.
(b) C/O versus oxygen fugacity of Solar gas from Grossman et al. (2008) at 1480 K and P% 107*atm. Data fit: log fO, - log
IW = 1.2007 x In (1 — C/O)—5.9225; *: 0.998. Using this fit, imposed oxygen fugacities of assemblages can be corrected to carbon-free
systems (i.e. C/O: 0), represented by vertical arrows. As dust enriched systems have low C/O ratios (e.g. Table 2), represented by the crossed
gray box on the x-axis, the estimated correction in fO, is small. Open symbols in (a) illustrate data that are corrected to carbon-free (fit: log
O, —log IW = —0.7740 x In (H/O) - 0.0217; *: 0.994).

matches that of type II chondrules (e.g. Fig. 2e and f); and Grossman, 2000); this condition is likely necessary in order
(3) greater than 98% of Fe is condensed at dust enrichments to explain the abundance of Fe, Ni metal in type I chond-
exceeding 100x at 1480 K (e.g. Fig. 8a and b from Ebel and rules, as well as the amount of FeO in type II chondrules
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(e.g. Fig. 2). Although the reference temperature is substan-
tially lower than experimentally determined chondrule-
forming conditions (i.e. 1720-1970 K; Hewins and
Radomsky, 1990), predicted log fO, — log IW values at
1480 K should be similar to those at higher temperatures,
based on the aforementioned concentric log fO, versus T
behavior of assemblages predicted by models.

Fig. 8a compares CI dust enriched systems from several
studies. Although datasets differ with respect to the
composition of Solar gas, or with respect to enhancement
in ice, a well-defined trend of H/O versus log fO, — log
IW is produced. To account for the influence of carbon
we apply a correction based on C/O versus fO, data
from Grossman et al. (2008) from a system of Solar
gas at 1480 K and a P'®' of 10~* atm. (Fig. 8b), empirically
fit by:

log fO, — log IW = 1.2007 x In(1 — C/O) — 5.9225 (1)

For CI dust enriched assemblages, which have C/O
ratios of ~0.10 (Table 2), the correction is small; Eq. (1)
predicts that a carbon-free system is only 0.13 log units
higher in fO,; however, the uncertainty of the correction
is probably large for dust enriched assemblages, as their
low C/O ratios represent a significant extrapolation from
the Solar gas data used to produce Eq. (1) (e.g. Fig. 8b).
Nonetheless, data from Fig. 8a are corrected to carbon-free
systems using the “slope” from Eq. (1). Doing so allows for
isolating the influence of an assemblage’s H/O ratio on fO,
(open symbols; Fig. 8a), empirically fit by:

log fO, — log IW = —0.7740 x In(H/O) — 0.0217 (2)
By combining Egs. (1) and (2) the oxygen fugacity

imposed by a solid precursor at a specified dust enrichment
factor and/or ice enhancement factor can be quantified:

log fO, — log TW = —0.7740 x In(H/O) — 0.0217

For simplicity, only changes in carbon contents of pre-
cursors that are directly tied to dust enrichment and ice
enhancement are considered in the following models.

4.3. Estimating chondrule Mg# as a function of oxygen
fugacity imposed by the precursor assemblage

Applying high-temperature equilibrium calculations,
including MELTS (Ghiorso and Sack, 1995) and VAPORS
(Ebel et al., 1999), Ebel and Grossman (2000) determined
fayalite contents of olivine at specific CI dust enrichment
factors. Using their data, we assume the Mg# of a chon-
drule is directly related to the olivine fayalite content (Sec-
tion 3.2), and calculate the oxygen fugacity imposed by
each dust enriched composition (Eq. (3)), which yields the
following empirical fit at 1480 K (Fig. 9):

chondrule Mg# = 100 — exp(([log O, — log IW]
1 3.444)/0.6649) (4)

By combining Egs. (3) and (4) the redox conditions of the
CR chondrule-forming environment can be evaluated. For
example, type I chondrule Mg#’s (99.2-96; Fig. 7) indicate
formation 2.5-3.6 log units below the IW buffer. In contrast,
the type II chondrule fragments (Mg# 53-63; Fig. 7) formed
under considerably more oxidizing conditions (log fO, — log
IW: ~—1). In terms of CI dust enrichment these results
would suggest type I chondrules formed under 200x, while
the type II chondrule fragments significantly exceeded
1000x (Fig. 9); however, as discussed later, these estimates
can change if the dust composition deviates from that of
CI dust, particularly with respect to the abundance of H,O.

4.4. Estimating chondrule oxygen isotope ratios as a function
of the precursor assemblage

+1.2007 x In(1 — C/O) (3) In addition to controlling fO,, the degree of enrich-
ments in dust, H,O, and organic material likely dictated
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Fig. 9. Chondrule Mg# versus fO, at 1480 K and P™" 10~% atm. Data are taken from Fig. 8a from Ebel and Grossman (2000). From their
data, mole fractions of fayalite are converted to chondrule Mg# (=100 — [X, x 100]), which is appropriate based on definitions outlined in
Section 3.2. CI dust enrichment factors are converted to imposed fO, values by determining H/O and C/O ratios for each assemblage (e.g.
Table 2), where the composition of Solar gas is that from Anders and Grevesse (1989), and applying Eq. (3). Data fit: chondrule Mg# = 100 —

exp(([log fO — log TW] + 3.444)/0.6649); r*: 0.999.
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CR chondrule oxygen isotope ratios, as it is plausible to
expect that chondrule precursors had multiple sources of
oxygen isotopes with distinct ratios (e.g. Fig. 1). There-
fore, the oxygen isotope ratio of a chondrule likely repre-
sents a mass balance involving the fractions of oxygen
from each source and their respective oxygen isotope
ratios. This concept can be used to determine the influ-
ence of various precursor enrichments on chondrule oxy-
gen isotope ratios.

As an initial step we consider that chondrule precursors
had four primary sources of oxygen isotopes, (1) Solar gas;
(2) the silicate portion of the dust; (3) organic material in
the dust; and (4) H,O ice in the dust:

chondrule A" O = (frac. Osolar gas X A" Osolar gas)
17
+ (frac. Osi]icate in dust X A Osilicate in dusl)
17
+ (frac. Oorganics in dust X A Oorganicsin dust)

+ (frac. Omso in dust X A" Om20in dust) (5)

We use A0 for simplicity in Eq. (5). It is implied §'70
and 8'30 values of precursor components were on the PCM
line, based on CR3 chondrule signatures (Fig. 6).

As a second step, the atomic abundances of oxygen
from each source (given relative to 10° atoms of Si) must
be established. For Solar gas we use the oxygen abun-
dance from Allende Prieto and Lambert (2001, 2002),
which is 1.367 x 107 atoms (Table 2). For sources in
the dust, we assume a CI composition (Table 2), and
assign oxygen to each component. For silicate in the dust,
we calculate an abundance of 3.350 x 10° atoms (43.9%
of oxygen in the dust; Table 3), solved by using the
atomic abundances of Mg, Si, Al, Ca, Na, Cr, P, Mn,
K, and Ti in CI dust (Table 2), and assigning oxygen
to each as the following: MgO, SiO,, Al,0; CaO,
Na,O, Cr,03, P,Os5, MnO, K,O, and TiO,. We assume
Fe, S, Ni, and Co in the dust existed as metal and sulfide
at ambient conditions. For organic material we use the
atomic abundance of carbon in CI dust (Table 2), and
employ a C/O ratio of 5, which is that measured in
IOM from Orgueil (CI) and Murchison (CM) chondrites
(Binet et al., 2002; Remusat et al., 2007; for reference,
these studies predict that IOM comprises 75-90% of the
total carbon in the chondrites). This amounts to
1.512 x 10> atoms, or 2.0% of oxygen in the dust
(Table 3). The remaining 54.1% of oxygen in the dust,
4.129 x 10° atoms, is assigned to H,O ice (Table 3). By
doing so, however, the necessary amount of hydrogen
to make H,O in the dust, 8.258 x 10° atoms (per 10°
atoms of Si), is greater than the amount measured in
CI chondrites, 5.28 x 10° atoms (Table 2). This discrep-
ancy could represent a difference in how we assigned oxy-
gen in model CI dust versus its actual association in CI
chondrites. For instance, CI chondrites have oxidized
Fe, while it is not expected that FeO was a primary con-
densate in the Solar nebula (Grossman et al., 2012);
therefore, we choose to use the higher estimate for H
instead of the measured value in CI chondrites (Table 3).
We note that enrichment in this “modified” CI dust yields
more reducing conditions (Eq. (3)), which predicts chond-

rules with marginally higher Mg#’s when compared to
enrichment in nominal CI dust (Mg#’s at 100x: 97.9
vs. 97.9; 500%: 88.0 vs. 87.4; 1000x: 76.7 vs. 74.3, respec-
tively; Eq. (4)).

As a final step, the oxygen isotope ratios of each source
in the mass balance must be defined. For Solar gas, we use
the estimated bulk Solar System value (A70: —28.4%,),
based on measurements of Solar wind by McKeegan
et al. (2011). For the silicate in the dust we consider its oxy-
gen isotope ratio is probably similar to the most '°O-rich
high Mg# chondrule measured, and that addition of '®O-
poor H,O ice to the silicate contributed to forming chond-
rules with lower Mg#’s and higher A!’O values. Therefore,
we assign a A’O of —5.9 %, which is the value of Mg# 99.1
chondrule fragment M22 (Table 1). For organic material in
the dust, we use the average oxygen isotope composition
measured by Hashizume et al. (2011) from the CR2 chon-
drite Yamato 793495, which has a A'’O value of 11.3%,.
For H,0 ice in the dust we calculate A7O; we use Eq.
(5), and take advantage of the strong likelihood that type
II (Mg# < 90) chondrules formed in highly dust-enriched
environments (e.g. Fig. 9), where it can be assumed the oxy-
gen isotope contribution from Solar gas is negligible (e.g.
Table 3). Using (1) the average A'’O value of the three mea-
sured type II CR3 chondrule fragments (0.49,,; Table 1); (2)
the fractions of atomic oxygen from the silicate, organic
material, and ice in CI dust (0.439, 0.020, and 0.541, respec-
tively; Table 3); and (3) the assigned A7O values of organic
and silicate components of the dust, Eq. (5) predicts that
H,O0 ice in CR3 chondrule precursors has a A'’O value of
+5.1%,.

4.4.1. Efficiency of oxygen isotope exchange between ambient
gas and chondrule melt

During chondrule formation, volatile species in solid
precursors vaporized and mixed with Solar gas. The collec-
tive ambient gas then exchanged oxygen isotopes with the
chondrule melt as the chondrule heated and cooled. How-
ever, the degree of exchange may have limited the influence
of ambient gas on chondrule oxygen isotope ratios (e.g.
Schrader et al., 2013); this should be taken into consider-
ation for model purposes. One way to assess the degree of
exchange is to compare the oxygen isotope ratios of
coexisting mineral phases in a chondrule. For instance, if
exchange were inefficient, one might expect the oxygen
isotope ratio of the chondrule melt to change over the
duration of chondrule formation. Such a change would
then be recorded in mineral phases that sequentially
crystallized as the chondrule cooled (e.g. high to low
temperature; olivine — low-Ca pyroxene — high-Ca pyrox-
ene — plagioclase). However, A’O values from almost all
coexisting olivine, pyroxene, and plagioclase in type I
CR3 chondrules agree to within analytical uncertainties
(Fig. 10a). Similar results have been found in chondrules
from Allende (CV3.6), Acfer 094 (ungr. C 3.00), and
Yamato 81020 (CO3.05) chondrites (Rudraswami et al.,
2011; Ushikubo et al., 2012; Tenner et al., 2013). In CR3
chondrules, olivines are slightly greater in 8'80 than coex-
isting pyroxenes and plagioclase (on average, by 0.7%;
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Atomic abundances of H, O, and C in (1) CI dust; (2) H,O depleted dusts used in the model shown in Fig. 11; and (3) examples of dust

enriched assemblages.

CI dust dust with dust with dust with dust with dust with anhydrous dust
0.8x ice 0.6x ice 0.4x ice 0.2x ice 0.1x ice

H 8.26 x 10%  6.61 x 10° 4.95 x 10° 3.30 x 10° 1.65 x 10° 8.26 x 10° 0
o) 7.63 x 10° 6.80 x 10° 5.97 x 10° 5.14 x 10° 431 x 10° 3.90 x 10° 3.50 x 10°
C 7.56 x 10° 7.56 x 10° 7.56 x 10° 7.56 x 10° 7.56 x 10° 7.56 x 10° 7.56 x 10°
H/O 1.08 0.97 0.83 0.64 0.38 0.21 0
Cc/O 0.10 0.11 0.13 0.15 0.17 0.19 0.22
O from: silicate in dust®  3.35 x 10° 3.35 x 10° 3.35 x 10° 3.35 x 10° 3.35 % 10° 3.35 x 10° 3.35 x 10°
organics in dust® 1.51 x 10° 1.51 x 10° 1.51 x 10° 1.51 x 10° 1.51 x 10° 1.51 x 10° 1.51 x 10°
H,0 ice in dust® 4.13 x 10° 3.30 x 10° 2.48 x 10° 1.65 x 10° 8.26 x 10° 4.13 x 10° 0
100x dust enrichment®
H 287 x 10"  286x 10" 284x10° 28 x10° 281x10"° 280x10° 279 x 10"
o 7.69 x 108 6.87 x 10 6.06 x 108 5.24 x 10® 4.42 x 108 401 x 108 3.60 x 10%
C 8.17 x 107 8.17 x 107 8.17 x 107 8.17 x 107 8.17 x 107 8.17 x 107 8.17 x 107
H/O 37.34 41.55 46.89 53.89 63.49 69.76 77.45
Cc/O 0.11 0.12 0.13 0.16 0.18 0.20 0.23
log fO>-log TW! —2.96 —-3.06 —3.17 -331 —348 —3.58 —3.70
chondrule Mg#® 97.92 98.21 98.50 98.78 99.05 99.19 99.32
frac. O from: Solar gas’ 0.018 0.020 0.023 0.026 0.031 0.034 0.038
silicate in dust’ 0.431 0.483 0.548 0.633 0.750 0.827 0.921
organics in dust’ 0.019 0.022 0.025 0.029 0.034 0.037 0.042
H,O ice in dust’ 0.532 0.476 0.405 0.312 0.185 0.102 0
500% dust enrichment
H 320x 101 312 x 10 3.04x 10" 295x10°  287x10° 283 x10"° 279 x 10"
o) 3.82 x 10° 3.41 x 10° 3.00 x 10° 2.58 x 10° 2.17 x 10° 1.97 x 10° 1.76 x 10°
C 3.84 x 108 3.84 x 10® 3.84 x 108 3.84 x 10® 3.84 x 108 3.84 x 10® 3.84 x 108
H/O 8.38 9.15 10.13 11.43 13.22 14.40 15.85
C/0 0.10 0.11 0.13 0.15 0.18 0.20 0.22
log fO,-log TW¢ —1.79 —1.88 —~1.98 -2.10 —225 —2.35 —2.46
chondrule Mg#® 88.05 89.47 90.94 92.46 94.01 94.79 95.58
frac. O from: Solar gas 0.004 0.004 0.005 0.005 0.006 0.007 0.008
silicate in dust’ 0.437 0.490 0.558 0.647 0.769 0.850 0.949
organics in dust’ 0.020 0.022 0.025 0.029 0.035 0.038 0.043
H,O ice in dust’ 0.539 0.484 0.413 0.319 0.190 0.105 0
1000x dust enrichment
H 3.61 x 10'° 3.45x 10 328 x 10" 3.12x 10" 295x10"°  287x10'° 279 x 10'°
0 7.64x10° 681 x10°  599x10°  516x10°  434x10°  392x10°  3.51x10°
C 7.62 x 10® 7.62 x 10® 7.62 x 10® 7.62 x 10® 7.62 x 10® 7.62 x 10° 7.62 x 10®
H/O 4.73 5.07 5.49 6.05 6.82 7.32 7.95
Cc/O 0.10 0.11 0.13 0.15 0.18 0.19 0.22
log fO,-log TW¢ —-1.35 —1.42 —~1.50 —1.61 ~1.74 -1.82 -1.92
chondrule Mg#® 76.73 79.01 81.47 84.14 87.01 88.53 90.10
frac. O from: Solar gas" 0.002 0.002 0.002 0.003 0.003 0.003 0.004
silicate in dust’ 0.438 0.491 0.559 0.648 0.772 0.853 0.953
organics in dust" 0.020 0.022 0.025 0.029 0.035 0.038 0.043
H,O ice in dust’ 0.540 0.485 0.413 0.320 0.190 0.105 0

*Abundances of H, O, and C in dusts are normalized to 10® atoms of Si.

% The reported H abundance in CI dust is modified from the Anders and Grevesse (1989) value (Table 2); details regarding this modification
are given in Section 4.4 of the main text.

® Calculations of abundances of O in the silicate, organic material, and H,O components of CI dust are detailed in Section 4.4. For H,O
enhanced and depleted dusts, the O and H abundances associated with H,O are calculated relative to those in CI dust.

¢ Dust enriched compositions are calculated by adding (7 — 1) times the atomic abundances in a given dust to those from Solar gas (i.e. the
Allende Prieto and Lambert (2001, 2002) values in Table 2), where #n is the dust enrichment factor.

4 calculated using Eq. (3);

¢ calculated using Eq. (4).

" The total amount of O in a dust enriched assemblage is calculated as: 1.367 x 107 (from Solar gas) + [n— 1] x 3.350 x 10° (from silicate in
dust) + [n— 1] x 1.512 x 10° (from organics in dust) + [n— 1] x ice enhancement/depletion factor x 4.129 x 10° (from H,O ice in dust). The
fractions of oxygen from each source can then be determined.
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Fig. 10. (a) average A'’O and (b) average 5'*0 comparisons between olivine and coexisting silicate mineral phases in CR3 chondrules. Each
datum represents the averaged oxygen isotope ratio of olivine from a chondrule, and the average oxygen isotope ratio of the specified
coexisting phase. Uncertainties are propagated 2SE. The dotted line in each panel indicates a one to one relationship. Ol: olivine; LPx: low-Ca
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Appendix EA4; Fig. 10b). This tendency is also observed in
Yamato 81020 chondrules (Tenner et al., 2013), and
could represent inefficiency in oxygen isotope exchange
between ambient gas and chondrule melt. However, an
alternative explanation is that light O-isotopes from high-
temperature chondrule melt preferentially evaporated
before olivine crystallized. Following olivine crystallization
and subsequent cooling, recondensation of light-isotope
enriched ambient gas and/or kinetic isotope exchange
involving ambient gas would have enriched the chondrule
melt in light-isotopes, from which pyroxenes and plagio-
clase crystallized. If correct, the latter scenario would not
detract from a conclusion of highly efficient oxygen isotope
exchange between ambient gas and chondrule melt.
Such a presumption is also supported by 1 atm. experi-
ments from Yu et al. (1995), who demonstrate 80%
exchange or more, in 30 min between H,O vapor and chon-
drule melt during flash heating to 1450 °C, at cooling rates
<480 °C/hr (for reference, typical chondrule cooling rates
are estimated to be 100-1000°C/hr; Hewins and
Radomsky, 1990). Further, if chondrules formed by friction
during shock heating (e.g. Desch et al., 2005), the imposed
internal flow of chondrule melt (e.g. Uesugi et al., 2003)
would increase molecular interactions between the melt
and the surrounding gas, promoting high efficiency of
O-isotope exchange. Therefore, when modeling chondrule
oxygen isotope ratios we assume complete exchange
between ambient gas and chondrule melt. A potential
caveat to this assumption is that experiments by
Boesenberg et al. (2005) indicate a lack of oxygen isotope
exchange between CO gas and chondrule melt. However,
catalytic phase equilibria, like Fischer-Tropsch reactions
(Kress and Tielens, 2001; Barcena and Connolly, 2012),
may have allowed for oxygen associated with carbon to
influence chondrule oxygen isotope ratios. Although the
exact degree of exchange is not clear, our assumption that
CO in ambient gas exchanged completely with chondrule
melt does not significantly affect our model, as the fraction
of oxygen associated with carbon in ambient gas is small
(e.g. Table 3).

4.5. Dust enrichment models

Using Egs. (3)(5), chondrule Mg# and A0 model
trends are generated as a function of dust enrichment
and/or ice enhancement, and are compared to actual CR3
chondrule data. Here, we assess parameters of the environ-
ment from which CR chondrules formed.

Though essentially non-existent at high dust enrichment
factors, oxygen from Solar gas may constitute percent levels
of chondrule precursors at low dust enrichments (e.g.
Table 3), and therefore could appreciably influence type I
chondrule oxygen isotope ratios. We evaluate this in
Fig. 11. Atlow CI dust enrichments (<100x ) the model pre-
dicts decreasing chondrule A'’O values with decreasing
dust enrichment factors, due to an increasing proportion
of '®0-rich Solar gas in the precursor. However, the CI dust
enrichment trend (the uppermost trend in Fig. 11) is too
1%0-poor when compared to the type I CR3 chondrule
data, which suggests that changes in the dust to Solar gas
ratio cannot fully explain the relationship between CR
chondrule Mg#’s and their oxygen isotope ratios.

It is worth mentioning that at dust enrichments greater
than 100x the model essentially predicts constant A'’O val-
ues as a function of Mg#. This occurs because with increas-
ing dust enrichment the fraction of oxygen from Solar gas
becomes vanishingly small in the chondrule precursor
(e.g. Table 3). As such, the oxygen isotope ratio of the pre-
cursor simply approaches the bulk value of the dust. Fur-
ther, within the dust, the proportion of oxygen from
organic matter is low (e.g. Table 3), meaning that at dust
enrichments exceeding 100x the oxygen isotope ratio of
the precursor is predominantly controlled by (1) the O-iso-
tope ratios of silicate and H,O ice in the dust, and (2) the
proportions of silicate and H,O ice in the dust.

The limited role of Solar gas on CR chondrule Mg#’s
and oxygen isotope ratios indicates other aspects of the
environment must have accounted for their signatures.
One possibility is that high Mg# CR chondrule precursors
simply had less '°O-poor H,O ice in their dust, when com-
pared to their lower Mg# counterparts. To explore this, we
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Fig. 11. Dust enrichment model and comparisons to CR3 chondrule data (red circles: MET 00426 chondrules; inverted red triangles: QUE
99177 chondrules). Using the composition of an assemblage at a specific dust enrichment factor (e.g. Table 3; thin semi-vertical lines) the
imposed oxygen fugacity and chondrule Mg# are estimated (Egs. (3) and (4), respectively). Fractions of oxygen from sources in the precursor
are also calculated (e.g. Table 3), and when combined with specified A!'’O values for each source, the bulk A’O value of a chondrule is
determined by mass balance (Eq. (5); thick horizontal lines). In the model, AY0 values of Solar gas, organic material in the dust, H,O in the
dust, and silicate in the dust are —28.4%,, +11.39%,, +5.1%,, and —5.9 9, respectively; details regarding these values are found in Section 4.4.
Models employ dust enrichments exceeding 12.5x, the minimum condition necessary to stabilize a silicate liquid at a P'** of 107> bar (Ebel
and Grossman, 2000). Dust compositions (e.g. Table 3) used to generate respective dust enriched trends are labeled on the right side of the
panel. Ice abundances in dusts are calculated relative to the atomic abundance in CI dust. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

produce several dust compositions that are depleted in H,O
ice, relative to the atomic abundance in CI dust (Table 3).
This allows for generating a family of ice-depleted dust
enrichment trends that can be compared to CR3 chondrule
data (Fig. 11). A notable aspect of the model is that at a
fixed dust enrichment factor, increased ice enhancement
of the dust yields increased chondrule A'’O values and
decreased chondrule Mg#’s (semi-vertical thin black lines
in Fig. 11). Interestingly, these trends have similar curva-
tures to the high Mg# CR3 chondrule data. More impor-
tantly, they suggest the majority of type I CR chondrules
formed at dust enrichments between 100x and 200x, and
from dusts with 0 to 0.8 times the atomic abundance of
H,O in CI dust; in particular, dust in the highest Mg#
chondrule precursors may have been essentially anhydrous
(Fig. 11). Within the model constraints, the type II CR3
chondrule fragments are estimated to have formed at CI
dust enrichments near 2500x. According to dynamic mod-
els of the protoplanetary disk (e.g. Cassen, 2001; Cuzzi
et al., 2001) such highly dust enriched environments (i.e.
>200x) were likely scarce, which could potentially explain
why modal abundances of type II chondrules in CR chon-
drites are low (<1% of the chondrule population; Weisberg
et al., 1993).

4.5.1. What if H>O in the precursor had a different O-isotope
ratio?

Although we believe the A0 of H,O in our model (i.e.:
+5.19,,) is appropriate, it is admittedly an estimated value.
Here, we assess how the model differs if H,O has a higher or
lower A0 value, based on estimates found in the litera-

ture. Atomic abundances of assemblages used in the follow-
ing models are located in Appendix EAG.

Regarding H,O with increased A'7O (relative to +5.1%,)
the net effect on the model is the prediction of a more anhy-
drous chondrule-forming environment, resulting in higher
dust enrichment factors needed to form chondrules. An
extreme case is illustrated in Fig. 12a, using the value of
“primordial water” (A0: +80%,) from SIMS measure-
ments of cosmic symplectites in Acfer 094 (Sakamoto
et al., 2007). In this scenario the model predicts that type
I and type II chondrules originated from dusts with 0 to
0.06 times the atomic abundance of H,O, relative to CI
dust, that type I CR3 chondrules formed at dust enrich-
ments of 100x to 400x, and that the type II CR3 chondrule
fragments formed at dust enrichments of 3000x to 4000x.
This model is not favorable because many chondrules,
including type I chondrules, are predicted to form at dust
enrichments exceeding 200x; as stated previously, such
regions in the protoplanetary disk were probably rare. In
addition, the Mg# and A'”O relationship that exists among
CR chondrite chondrules and silicates from the comet Wild
2 (e.g. Nakashima et al., 2012 and references therein) could
suggest a wetter CR chondrite accretion region.

Regarding H,O with lower A0 (relative to +5.1%,) the
model generally predicts a more hydrous chondrule-form-
ing environment and lower overall dust enrichment factors.
This may seem favorable, but an issue arises as H,O A0
values approach those of the CR3 type II chondrule frag-
ments (AO: ~+0.4%,) because predicted ice enhancements
become extremely high. An example is shown in Fig. 12b
using the estimated value of water from whole rock and
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reader is referred to the web version of this article.)

matrix measurements of CR chondrites by Clayton and
Mayeda (1999) (A0:40.9 %,). This model predicts similar
dust enrichments (50-200x) and dust compositions (0 to 2
times the atomic abundance of ice, relative to CI dust) in
the type I chondrule-forming environment when compared
to the model in Fig. 11. However, it also predicts that the
type II CR3 chondrule fragments would require dust with
10 times the atomic abundance of ice, relative to CI dust
(Fig. 12b); this equates to a composition with an H,O:
SiO, ratio of 20 (i.e. 4.13 x 107 atoms of O associated with
H,O per 10° atoms of Si). This is probably unrealistically
ice-enhanced, even when compared to comets. For exam-
ple, spectral observations of the Deep Impact ejecta from
comet 9P/Tempel 1 by Lisse et al. (2006) infer an atomic
H,O: SiO, ratio of 3.8, if assuming all H is H,O and all
Si is SiO,. Interestingly, Lisse et al. (2006) also suggest
the comet ejecta composition is similar to CI dust, lending
support to the use of CI dust to estimate H,O A'7O (Section
4.4; Fig. 11). Overall, the issues with this particular model
arise because of the assumption that all chondrules sampled
H,O with a single O-isotope ratio, based on the Mg# and
A0 relationship among CR3 chondrules (e.g. Fig. 7).

However, it cannot be ruled out that chondrule precursors
sampled multiple H,O reservoirs. If this was the case, then
A0 +0.9%, H,O could plausibly account for the forma-
tion of chondrules with A'’O values below +0.4%,, at more
realistic dust compositions (i.e. CI dust; Fig. 12b).

4.6. Comparisons to chondrule data from other
unequilibrated carbonaceous chondrites

Oxygen isotopes and Mg#’s of CR chondrules can be
compared to data from unequilibrated Acfer 094, CO,
and CV chondrites (Fig. 13), in order to infer similarities
and/or differences within respective chondrule-forming
environments. However, such a comparison is less than
ideal for two reasons. First, datasets are often biased when
compared to the representative distribution of chondrules
from a given chondrite. This occurs because studies often
focus on a group of chondrules with specific properties,
or simply because samples may contain so many chondrules
that acquiring a representative dataset is difficult. Second,
CV chondrites experienced thermal metamorphism (e.g.
Krot et al., 1998), which could modify primary chondrule
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signatures. While solid state oxygen diffusion is consider-
ably slow in olivine and pyroxene at high temperatures
(Cole and Chakraborty, 2001; Chakraborty, 2010), mean-
ing their oxygen isotope ratios may not be disturbed during
thermal metamorphism, Fe-Mg interdiffusion is sufficiently
fast in olivine (e.g. Gerard and Jaoul, 1989), and their
Mg#’s can be altered. For this reason we only consider
Efremovka and Vigarano chondrule olivine data from
Libourel and Chaussidon (2011), as these reduced CV
chondrites experienced comparatively low amounts of

thermal metamorphism (petrographic type 3.1-3.4; Bonal
et al., 2006). We also consider select Allende chondrule data
from Rudraswami et al. (2011), where chondrule Mg#’s
can be estimated from low-Ca pyroxene compositions.
Although Allende has experienced a higher degree of
thermal metamorphism (CV > 3.6; Bonal et al., 2006), the
Fe-Mg interdiffusion rate of low-Ca pyroxene is at least
two orders of magnitude lower than that of olivine
(Ganguly and Tazzoli, 1994); therefore low-Ca pyroxene
Mg#’s may retain primary chondrule Mg#’s.
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Within the aforementioned limitations, the comparison
of chondrule data from CR, Acfer 094, CO, and CV chon-
drites provides interesting results. Notably, many chond-
rules from each have Mg#’s greater than 98, while also
having A'7O values of —4%, to —6%, (Fig. 13a—c). This indi-
cates the presence of a highly reduced oxygen isotope reser-
voir that was commonly sampled by each carbonaceous
chondrite.

In addition to '®O-rich, high Mg# chondrules, CR,
Acfer 094, CO, and CV chondrites have lower Mg# chond-
rules that are relatively '°O-poor, with A’O values mainly
near —29%, and 0%, (Fig. 13). Within the limits of measure-
ments, CR chondrites appear to have sampled both O-iso-
tope reservoirs (Fig. 13a), while Acfer 094, CO3, and CV3
chondrites primarily have lower Mg# chondrules with
A0 values near —2%, (Fig. 13b and c). Collectively, the
predominance of lower Mg# chondrules with values of
~09%, or —29, could suggest two distinct environments of
high dust enrichment that differed with respect to the abun-
dance of ice in the dust (e.g. Fig. 11). Alternatively, or in
conjunction, these two environments could have sampled
two isotopically distinct H,O reservoirs. Another possibility
is a difference in the efficiency of oxygen isotope exchange
between ambient gas and chondrule melt, as suggested by
Schrader et al. (2013). Finally, it is worth mentioning that
several type II chondrules from carbonaceous chondrites
have Mg#’s less than the composition of CI chondrites
(54.3) (Fig. 13a and b), meaning their precursors were likely
Fe-rich when compared to CI dust.

4.7. Implications regarding the dynamics of the carbonaceous
chondrite accretion region

In carbonaceous chondrites, the majority of chondrules
(75-99%; e.g. Weisberg et al., 1993; Krot et al., 2002b;
Kunihiro et al., 2005; Scott and Krot, 2007) are FeO-poor,
with Mg#’s greater than 90. Many have Mg#’s exceeding
98, implying formation at dust enrichments less than
200x (e.g. Fig. 11). Combined, these characteristics match
dynamic disk evolution models, which predict that more
than 70% of the protoplanetary disk had dust enrichment
factors under 200x (Cuzzi et al., 2001; Cassen, 2001).
Therefore, many chondrules from carbonaceous chondrites
could have formed by a pervasive process (e.g. Boss, 1996;
Connolly and Love, 1998; Desch and Cuzzi, 2000; Ciesla
and Hood, 2002; Ciesla et al., 2004; Cuzzi and Alexander,
2006), from a common A'’0: —49, to —6%, oxygen isotope
reservoir (e.g. Fig. 13). The type I CR chondrule-forming
environment may have been unique when compared to
those from other carbonaceous chondrites, because at least
some portion (specifically, that which formed > A'’O: —4
to —6%, type I chondrules) was relatively enhanced in
H,O ice (Figs. 11 and 13). This could indicate that CR
chondrites accreted at greater heliocentric distances than
other carbonaceous chondrites. Within the constraints of
our model, abundances of H,O within type I and type II
chondrule-forming environments (e.g. Fig. 11) do not over-
step the amount of potential H,O transported to the inner
disk by icy materials. For example, Ciesla and Cuzzi (2006)
calculate a maximum H,O enhancement of approximately

ten times the Solar composition, corresponding to
~4.8 x 107 atoms of O per 10° atoms of Si, if using methods
from Krot et al. (2000) (15% of O in Solar gas is bound to
“rocky” components and all C is bound to O), and the com-
position from Allende Prieto and Lambert (2001, 2002). In
contrast, the abundance of O associated with H,O in a CI
dust enriched assemblage, ~4.13 x 10® atoms per 10° atoms
of Si (Table 3), is significantly lower, and for ice-depleted
dusts the abundance is even less.

The lower modal proportion of type II chondrules in
carbonaceous chondrites (1-25%) suggests a different, and
more limited chondrule-forming environment that was
likely enhanced in dust and H,O ice (e.g. Fig. 11). The sug-
gested dust enrichment factors and/or ice enhancements
required to form type II chondrules, from this study and
others (e.g. Fedkin and Grossman, 2006; Grossman et al.,
2012; Fedkin et al., 2012), are difficult to explain within
the context of dynamic models. Perhaps localized regions
of high dust enrichment (only 5-30% of the protoplanetary
disk exceeded 200x; Cuzzi et al., 2001) accompanied by sig-
nificant ice enhancement could have imposed a temporary,
oxidized environment that could form type II chondrules
through an early Solar system process (e.g. Ciesla et al.,
2003; Alexander et al., 2008; Fedkin et al., 2012; Sanders
and Scott, 2012).

Finally, while the constraints we use to model chondrule
formation are appropriate for CR chondrites, and could be
applicable to other carbonaceous chondrites, we caution
against their use to model the formation of chondrules in
other chondrites (ordinary, enstatite, R, etc.). Specifically,
it is not unreasonable that such environments could have
differed with respect to the fractions of components in their
chondrule precursors, and/or that the components could
have sampled different oxygen isotope reservoirs. There-
fore, such parameters would need to be carefully assessed
and implemented.

5. CONCLUSIONS

Detailed Mg#’s by EMP analysis and in-situ oxygen
three-isotope ratios by SIMS were determined in chond-
rules from the highly unequilibrated CR3.00 chondrites
MET 00426 and QUE 99177. The main conclusions are:

(1) The majority of chondrules/fragments (45 of 48) are
FeO-poor (type I), consistent with findings by
Weisberg et al. (1993) in CR2 chondrites. Chondrule
Mg#’s (defined as the Mg#’s of their constituent oliv-
ine and/or low-Ca pyroxene) range from 94.2 to 99.2.
O-isotope measurements plot along the primitive
chondrule mineral (PCM) line defined by chondrules
in Acfer 094 (Ushikubo et al., 2012). Within most
chondrules/fragments, O-isotope ratios of coexisting
olivine, pyroxene, and plagioclase are homogeneous,
indicating (a) they crystallized from the final chon-
drule melt; and (b) that O-isotope exchange between
ambient gas and the chondrule melt was highly effi-
cient. Among chondrules/fragments there is a well-
defined increase in chondrule A0, from —5.9 9%,
to ~—19, (typical uncertainty: 0.3%,), as chondrule
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Mg#’s decrease from 99.2 to ~96. To the best of our
knowledge, this is the first time such a trend has been
observed among chondrules within a single chondrite
group.

Three type II chondrule fragments, with Mg#’s of
53.4, 53.8, and 62.2, have O-isotopes that lie along
the PCM line, and are '°O-poor relative to type I
chondrules, with A0 values of 0.2-0.6%,. Although
similar in A'70, they are ~19, greater in 8'%0 when
compared to type II chondrule data from LL3 chon-
drites measured by Kita et al. (2010).

The continuous increase in type I CR3 chondrule
AY0O with decreasing chondrule Mg# supports the
hypothesis from Connolly and Huss (2010) that addi-
tion of '°O-poor H,0 ice to type I chondrule precur-
sors, when combined with increasing dust
enrichment, aided in forming type II CR chondrules.
Using aspects of existing equilibrium condensation
models (Ebel and Grossman, 2000; Fedkin and
Grossman, 2006; Grossman et al., 2008) and a simple
O-isotope mass balance, the conditions of dust
enrichment and/or H,O enhancement necessary to
explain the CR3 chondrule Mg# versus A'’O trend
were evaluated. We predict type I CR chondrules
formed at dust enrichments between 100x and
200x, and that dust in their precursors had 0 to 0.8
times the atomic abundance of H-O, relative to CI
dust. In addition, we estimate that the type II chon-
drule fragments formed at CI dust enrichments near
2500%. According to dynamic models (e.g. Cassen,
2001; Cuzzi et al., 2001) environments with dust
enrichments exceeding 200x were likely scarce in
the protoplanetary disk, which may explain the low
abundance of type II chondrules in CR chondrites.
Chondrules in carbonaceous chondrites are predom-
inantly FeO-poor (Mg# > 90; 75-99% modally), of
which many have A0 values of —4 to —6%,. This
indicates the presence of a reduced and commonly
sampled O-isotope reservoir. Combined with the
prevalence of low dust enrichment conditions in the
protoplanetary disk (i.e. greater than 70% existed at
less than 200x; Cassen, 2001; Cuzzi et al., 2001)
and suggested abundances of ice well-within the
potential amounts delivered by icy migrators (e.g.
Ciesla and Cuzzi, 2006), the majority of type I chond-
rules from carbonaceous chondrites could have
formed by a common, pervasive process.

Type II chondrules from carbonaceous chondrites
mainly have A'’O values of ~09%, and ~—29%,. This
indicates two distinct environments of high dust
enrichment that could have differed in terms of the
abundance of '®0O-poor H,O ice in their precursors,
and/or sampling of two distinct H,O ice oxygen iso-
tope reservoirs, and/or different efficiencies of isotope
exchange between ambient gas and chondrule melt.
CR chondrites sampled both chondrule-forming
environments (e.g. Connolly and Huss, 2010;
Schrader et al., 2013; this study). The low modal
abundance of type II chondrules in carbonaceous
chondrites (1-25%), when combined with high dust

enrichment factors and relatively high abundances
of H,O necessary for their formation, could indicate
the presence of a different, and more limited chon-
drule-forming environment, with a different forma-
tion process than type I chondrules.
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