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Abstract

Oxygen three-isotope analysis by secondary ion mass spectrometry of chondrule olivine and pyroxene in combination with
electron microprobe analysis were carried out to investigate 24 FeO-poor (type I) and 2 FeO-rich (type II) chondrules from
the Kaba (CV) chondrite. The Mg#’s of olivine and pyroxene in individual chondrules are uniform, which confirms that Kaba
is one of the least thermally metamorphosed CV3 chondrites. The majority of chondrules in Kaba contain olivine and pyrox-
ene that show indistinguishable A'’O values (= 5'70 — 0.52 x 3'80) within analytical uncertainties, as revealed by multiple
spot analyses of individual chondrules. One third of chondrules contain olivine relict grains that are either '°O-rich or '®O-
poor relative to other indistinguishable olivine and/or pyroxene analyses in the same chondrules. Excluding those isotopically
recognized relicts, the mean oxygen isotope ratios (8'%0, 5'70, and A'’0) of individual chondrules are calculated, which are
interpreted to represent those of the final chondrule melt. Most of these isotope ratios plot on or slightly below the primitive
chondrule mineral (PCM) line on the oxygen three-isotope diagram, except for the pyroxene-rich type II chondrule that plots
above the PCM and on the terrestrial fractionation line. The A'’O values of type I chondrules range from ~—8%o to ~—4%o;
the pyroxene-rich type II chondrule yields ~0%o, the olivine-rich type II chondrule ~—2%o. In contrast to the ungrouped car-
bonaceous chondrite Acfer 094, the Yamato 81020 CO3, and the Allende CV3 chondrite, type I chondrules in Kaba only
possess A0 values below —3%o and a pronounced bimodal distribution of A0 values, as evident for those other chondrites,
was not observed for Kaba.

Investigation of the Mg#-A'"0 relationship revealed that A'’O values tend to increase with decreasing Mg#’s, similar to
those observed for CR chondrites though data from Kaba cluster at the high Mg# (>98) and the low A'’O end (—6%0 and
—4%o). A mass balance model involving '®O-rich anhydrous dust (A'’O = —8%o) and '°O-poor water ice (A'’O = +2%o) in the
chondrule precursors suggests that type I chondrules in Kaba would have formed in a moderately high dust enriched proto-
planetary disk at relatively dry conditions (~50-100x dust enrichment compared to Solar abundance gas and less than 0.6x
ice enhancement relative to CI chondritic dust). The olivine-rich type II chondrule probably formed in a disk with higher dust
enrichment (~2000x Solar).
© 2017 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Chondrules — a main constituent of most chondritic

meteorites — are spherical, melted objects that formed by

* Corresponding author. transient high-temperature events in the proto-planetary
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Desch, 2004; Ciesla, 2005; Morris et al., 2012). Since the
recognition of isotopic anomalies in the Allende CV chon-
drite in the early 1970s (Clayton et al., 1973, 1977), numer-
ous oxygen isotope studies on primitive carbonaceous
chondrites have targeted the variability among bulk mete-
orites, as well as those of CAIls and chondrules (e.g.,
Clayton, 1993; Clayton and Mayeda, 1999; Jones et al.,
2004; Krot et al., 2006; Yurimoto et al., 2008, and refer-
ences therein). In general, oxygen isotope ratios of chon-
drules in carbonaceous chondrites plot in the oxygen
three-isotope diagram below the terrestrial fractionation
(TF) line and along a slope ~1 line, for instance parallel
to the CCAM (carbonaceous chondrite anhydrous miner-
als) line, while those in ordinary chondrites cluster slightly
above the TF line (e.g., Clayton, 1993).

By using secondary ion mass spectrometers (SIMS),
high precision (sub-%0) mineral-scale isotope data of chon-
drules have become increasingly available in recent years
(e.g., Chaussidon et al., 2008; Kita et al., 2010; Connolly
and Huss, 2010; Rudraswami et al., 2011; Ushikubo
et al., 2012; Schrader et al., 2013, 2014, 2017; Tenner
et al., 2013, 2015; Nagashima et al., 2015). In contrast to
bulk analyses, in-situ measurements of primary chondrule
minerals, such as olivine, low-Ca pyroxene and mesostasis
phases allow for an evaluation of the isotopic homogeneity
of single chondrules. A growing number of studies have
established that most chondrules are internally homoge-
neous in terms of their A0 (= 8§70 - 0.52 x 5'%0) values
except for minor occurrence of relict olivine grains (e.g.,
Kita et al., 2010; Rudraswami et al., 2011; Tenner et al.,
2013, 2015, 2017; Schrader et al., 2017). In particular,
according to the analyses of ungrouped carbonaceous
chondrite Acfer 094, in which both thermal metamorphism
and aqueous alteration in the parent body was minimal,
Ushikubo et al. (2012) clearly demonstrated that oxygen
isotope ratios of olivine and pyroxene phenocrysts are
indistinguishable from those of glassy mesostasis. Presum-
ing that this is the general case, i.e., chondrule phenocrysts
and mesostasis have indistinguishable A'’O values at the
time of chondrule formation, it is now possible to deduce
the composition of the isotopically homogenized melt by
measuring chondrule phenocrysts in other chondrites even
if oxygen isotope ratios of glassy mesostasis were altered
due to parent body processes (e.g., in Semarkona LL3 by
Kita et al., 2010).

It has been suggested that chondrules formed in an open
system with respect to major oxides, such as MgO and
SiO,, which evaporated and re-condensed during melting
(e.g., Tissandier et al., 2002; Alexander, 2004; Nagahara
et al., 2008). Under a dust-enriched environment (e.g.,
Ebel and Grossman, 2000), the ambient gas present during
chondrule formation would have oxygen isotope ratios sim-
ilar to those of average solid precursors, since oxygen in the
ambient gas would predominately originate from these pre-
cursors (e.g., Ushikubo et al., 2012). Further, Ushikubo
et al. (2012) suggested that the internally homogeneous oxy-
gen isotope ratios within a single chondrule were the result
of isotope exchange between ambient gas and chondrule
melt that occurred rapidly due to evaporation and re-
condensation of major oxides from the chondrule melt.

The Mg#’s of chondrules, defined as the molar MgO/
(MgO + FeO) % of mafic chondrule minerals, mainly
depend on the redox conditions during chondrule-
formation (Ebel and Grossman, 2000). Oxygen fugacities
required to form FeO-poor (type I) or FeO-rich (type II)
chondrules in carbonaceous chondrites (log fO,: up to
iron-wiistite buffer for type II; IW — 6 to —2 for type I chon-
drules; e.g., Ebel and Grossman, 2000; Tenner et al., 2015)
are higher than estimates for the Solar nebula (log fO,: ~
IW — 6 at 1600 K; e.g., Krot et al., 2000). The more oxidiz-
ing redox conditions were likely imposed by enhancement
(relative to Solar abundances) of dust particles and H,O
ice (e.g., Ebel and Grossman, 2000; Fedkin and
Grossman, 2006, 2016; Schrader et al., 2013; Tenner
et al., 2015). In carbonaceous chondrites, many studies
have found type I chondrules to be generally '°O-rich com-
pared to type II chondrules (e.g., Kunihiro et al., 2004,
2005; Connolly and Huss, 2010; Schrader et al., 2013). Fur-
ther, Ushikubo et al. (2012) and Tenner et al. (2013)
observed a bimodal distribution of A'7O values that is
related to Mg#’s of chondrules in Acfer 094 and Y-81020
(CO3), respectively. The majority of chondrules possess
A0 values of ~—5%c and Mg#>97; other chondrules
show A'7O values of ~—2%c and a wide range of Mg#’s
(100-40). In CB and CH chondrites, the majority of chon-
drules are type I with A'7O values of ~—2%0 (Krot et al.,
2010), while type II chondrules have A'7O values of
~+1.5%0 (Nakashima et al., 2010). In the case of CR chon-
drites, the majority of chondrules are type I showing a lar-
ger range of A0 values from —6%o to —1%o, while minor
type II chondrules span from —2%o to 0%o (e.g., Connolly
and Huss, 2010; Schrader et al., 2013, 2014, 2017; Tenner
et al., 2015).

The overall tendency of higher chondrule A’O values
in combination with lower Mg#’s across carbonaceous
chondrites suggests the existence of '®O-poor water ice
among chondrule precursors in carbonaceous chondrite
forming regions (e.g., Connolly and Huss, 2010;
Ushikubo et al., 2012; Schrader et al., 2013). By detailed
examination of Mg#’s and corresponding A'’O values
among type I chondrules in CR chondrites, Tenner et al.
(2015) observed a monotonic increase in A0 values with
decreasing Mg#, which was never observed in other chon-
drite groups before. Tenner et al. (2015) uses an oxygen
isotope mass balance model in combination with expres-
sions that link dust enrichment and abundance of water
ice to the fO, of the chondrule melt in order to explain
A0 values and Mg#’s of chondrules. By applying
AY0 values of —6%0 and +35%o for anhydrous dust and
water ice, respectively, the model estimated that type I
chondrules in CR formed wunder 100-200x dust-
enrichments relative to solar composition gas with vari-
able amounts of water ice from 0 to 0.8x the nominal
water ice content of CI chondritic dust. Tenner et al.
(2015) stated that CR chondrites, Acfer 094, CO, and per-
haps CV chondrites all contain chondrules with high
Mg#'s (>98) and A'7O values ranging from —6%. to
—4%o. This range of compositions was also found to be
the dominant chondrule type in the Y-82094 ungrouped
carbonaceous chondrite (Tenner et al., 2017).
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The literature data about the Mg#-A'7O relationship for
chondrules from CV chondrites, as summarized in Tenner
et al. (2015), requires re-examination because of the follow-
ing reasons. Earlier SIMS studies are mostly not at sub-%o
precision level and mainly include olivine analyses and only
a limited amount of low-Ca pyroxene analyses (e.g., Choi
et al., 2000; Jones et al., 2004; Libourel and Chaussidon,
2011), hence, rendering it difficult to evaluate the mineral-
scale isotopic homogeneity of these chondrules.
Chaussidon et al. (2008) measured oxygen isotope ratios
of several chondrule constituents in Vigarano CV3 and,
for a somewhat limited number of chondrules, in the
Mokoia and Efremovka CV3 chondrites; however, corre-
sponding information about the mineral chemistry, espe-
cially the Mg#’s for each individual chondrule, were not
provided. Conversely, a complete data set of oxygen iso-
tope ratios of chondrule phases, including olivine, low-Ca
pyroxene, and, where applicable, spinel and plagioclase
was published by Rudraswami et al. (2011) for Allende,
but the evaluation of the Mg#-A'’O relationship is made
difficult by significant thermal metamorphism experienced
by this chondrite (e.g., Krot et al., 1995; Bonal et al.,
2006). Since diffusion of Mg and Fe in olivine and pyroxene
is considerably faster than diffusion of oxygen (Dohmen
and Chakraborty, 2007; Farver, 2010), chondrules more
likely preserve primary oxygen isotopic compositions than
Mg#’s when subjected to thermal metamorphism. For
example, even though many olivine grains show higher
FeO contents (lower Mg#’s) than coexisting low-Ca pyrox-
enes in chondrules of the Allende CV3, most chondrules are
still homogeneous in oxygen isotope ratios at analytical
precisions (Rudraswami et al., 2011).

Here we present SIMS oxygen three-isotope analysis of
chondrules from Kaba in order to understand the chon-
drule formation environment and oxygen isotope reservoirs
for the CV chondrite-forming region. Kaba is one of the
least thermally metamorphosed CV3 chondrites (Kimura
and Ikeda, 1998; Krot et al., 1998; Grossman and
Brearley, 2005; Bonal et al., 2006; Busemann et al., 2007)
and a member of the Bali-like oxidized subgroup
(McSween, 1977). In particular, representative dust-
enrichment and ice-enhancement factors of the local disk
region are evaluated using the oxygen isotope mass balance
model of Tenner et al. (2015) by applying model parameters
suitable for the CV chondrule-forming region. Unlike
Allende, chondrules in Kaba likely preserve primary
Mg#’s in addition to A'7O values that are representative
for conditions during chondrule formation, an assumption
tested by comparing Mg# of olivine and pyroxene within
each chondrule.

2. ANALYTICAL TECHNIQUES
2.1. Electron microscopy

One thin section of Kaba (USNM 1052-1) was imaged
(BSE, SE) and the petrography of chondrules investigated
with a Hitachi S-3400N scanning electron microscope
(SEM). The chemical composition of olivine and pyroxene
grains were determined by a Cameca SX-51 electron micro-

probe (20 nA, 15 keV, fully focused beam); plagioclase and
high-Ca pyroxene of the mesostasis were analyzed by a
Cameca SXFive (10 nA, 15 keV, 10 pm beam). The SEM
and both electron microprobes are hosted at the Depart-
ment of Geoscience at UW-Madison. On both electron
microprobes, concentrations of the oxides SiO,, TiO,,
Al,O3, Cr,03, MgO, FeO, MnO, CaO, K,O, and Na,O
were acquired and counting times on the peak and back-
ground were set to 10 s and 5 s, respectively. The 3o detec-
tion limits (wt%) for these oxides (in the order mentioned
above) were at most: 0.05, 0.06, 0.04, 0.07, 0.05, 0.07,
0.07, 0.04, 0.03, and 0.06, respectively. Data reduction,
including ZAF/¢(pz) corrections, was done with the
“Probe for EPMA” software suite (Donovan, 2015). The
following standards were used for olivine and pyroxene
analyses (on Cameca SX-51): Ti: rutile, Al: jadeite, Cr: syn-
thetic Cr,05, Fe: synthetic hematite, Mn: manganese oli-
vine, Ca: wollastonite, K: microcline, Na: jadeite, and
depending on mineral type and composition: Si: synthetic
enstatite, synthetic forsterite, Fogs;, manganese olivine;
Mg: synthetic enstatite, synthetic forsterite, Fogs, amphi-
bole. Analyses of plagioclase and high-Ca pyroxene in the
chondrule mesostasis were performed on a Cameca SXFive,
using the same suite of standards except for the following
elements: Si: synthetic enstatite, An;g, Angy; Al: jadeite,
Angs; Fe: fayalite; Ca: Ansg, Angs; Na: jadeite, albite, Anyg.

2.2. SIMS oxygen isotope analyses

The in-situ oxygen three-isotope analysis of olivine and
pyroxene was carried out during two separate sessions with
the Cameca IMS 1280 SIMS at the UW-Madison using
multi-collector Faraday cups and following analytical pro-
tocols similar to those of Kita et al. (2010) and Tenner et al.
(2013). In both sessions, Cs* primary ion intensity was set
to ~3 nA in order to generate a secondary '°0O~ intensity of
~3 x 10° cps (counts per second). During the first session,
the primary beam was tuned to form an ellipsoid-shaped
spot of 14 x 10 pm, similar to the condition used in previ-
ous studies (e.g., Tenner et al., 2015, 2017). In the second
session, the primary beam aperture was enlarged (>200
pm, normally 100-150 pm) and resulted in a diffused beam
shape (Gaussian beam in both sessions). Consequently, we
reduced the beam size to ~10 um but rastered 5 x 5 um
over the sample surface to produce a roundish spot of 12
um diameter. The intensity of '°*0'H~ was monitored auto-
matically at the end of each analysis by using a X-deflector
between sector magnet and detectors in order to correct the
contribution from tailing of the '°O'H™ peak to the 70O~
signal. The correction was always insignificant (<0.1%o).

Typically, 12-18 analyses of unknowns were bracketed
by 8 analyses (4 before and 4 after unknowns) of the San
Carlos olivine standard (8'%0 =5.32% VSMOW, Kita
et al., 2010) to monitor the drift of instrumental bias and
the external (spot-to-spot) reproducibility. External repro-
ducibility, which represents the uncertainty of individual
analyses of unknowns (Kita et al., 2009), was typically
~0.4%0, ~0.3%0, and ~0.4%. (2SD) for 870, §'%0, and
A0, respectively. Olivine and pyroxene form solid solu-
tions series that show systematic difference in instrumental
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biases in 8'%0 (e.g., Tenner et al., 2013), which are cali-
brated using three olivine (Foyqg, g9, o) and three low-Ca
pyroxenes (Eng, gs, 70) and one diopside (EnsoWos) stan-
dard (Kita et al., 2010; Nakashima et al., 2013) that cover
the range of chemical compositions observed in olivine
and pyroxene in Kaba chondrules.

2.3. Selection of chondrules and positions of SIMS analysis

To minimize the sampling bias that is potentially intro-
duced by preferential selection of chondrules by e.g., shape,
texture, or degree of alteration, every chondrule larger than
or equal to ~750 um in diameter (or longest direction) was
selected from a single polished thin section of Kaba
(USNM 1052-1) for oxygen isotope analysis based on the
evaluation of high-resolution BSE and SE images of the
entire thin section. Due to scarcity of type II chondrules
in Kaba, one small (~150 um) chondrule comprising
FeO-rich olivine was included for SIMS analysis as well
as one smaller chondrule (~600 pm) comprising FeO-rich
pyroxene. All selected chondrules are labeled (K1 to K26)
in the BSE mosaic image of the Kaba USNM 1052-1 thin
section shown in Appendix EA1. At this point, exploratory
SEM-EDS measurements were carried out to examine
chemical zoning of minerals and to identify opaque phases.
Per chondrule, at least 8 locations that are larger than 15
um and free of cracks and inclusions were selected for
SIMS analyses, preferably 4 for olivine and 4 for pyroxene,
to be able to evaluate the isotopic homogeneity of individ-
ual chondrules. High-Ca pyroxene or plagioclase in the
mesostasis of chondrules were not analyzed for oxygen
three-isotopes, because they are usually smaller than 15
pm. The chemical compositions of minerals at each position
were determined by EPMA and utilized later for instrumen-
tal bias correction of SIMS analyses. Finally, after SIMS
analysis, each individual SIMS pit was imaged by SEM
(see Appendix EA2) to evaluate whether cracks or inclu-
sions were hit and whether the desired position was accu-
rately sampled by the ion beam. Individual SIMS
analyses were rejected from results if the primary beam
overlapped two different mineral grains or an elevated
OH signal in combination with visible cracks or cavities
within pits indicate a compromised analysis.

2.4. Data reduction for host A7O values of individual
chondrules

In order to estimate representative oxygen isotope ratios
of the last chondrule melt, Ushikubo et al. (2012) and
Tenner et al. (2013) established a data reduction scheme
to calculate the host A'’O value of a single chondrule as
the mean value of multiple olivine and pyroxene analyses
that are within a critical value from the mean. The same
data reduction scheme was applied for chondrules in Kaba
by using 0.6%. (A'’O) as the critical value, which is the
mean 3SD of the bracketing San Carlos olivine standard
during the 2 SIMS sessions. In a first step, the mean A0
value from multiple analyses of an individual chondrule
was calculated. If all data are within £0.6%o from the mean,
this mean A'’O value is considered to represents that of the

host chondrule. The host A'’O value should be determined
by at least 2 data points. In a second step, for chondrules
that contain data exceeding +0.6%o from the mean, a subset
of data is selected, which preferably includes all pyroxene
analyses and a new mean is calculated, only including this
new subset. Subsequently, the subset is tested again for
the variability criterion. The excluded olivine analyses,
deviating more than 0.6%c from the mean, are potential
relict grains that might not reflect A'’O values of the final
chondrule melt.

The host 870 and 3'30 values are calculated with the
same subset of analyses that were used for calculating the
host A0 values. Uncertainties (at 95% confidence level)
reported for host 870 and §'30 values comprise the prop-
agation of three types of uncertainties related to the analy-
sis of unknowns, the instrumental bias correction based on
the bracket standard, and the ultimate uncertainty of SIMS
oxygen isotope analyses: Uncertainties (unc.) are calculated
as the sum of those three components that are (i) twice the

standard error (2 %) of those analyses that constitute the

mean, where SD is standard deviation of the unknown
analyses or that of the standard bracket whichever larger,
(ii) twice the standard error of the analyses of the corre-
sponding San Carlos olivine bracket, and (iii) a fixed value
to account for possible mass-dependent fractionation in
mean isotope ratios because of sample geometry and topog-
raphy, as well as the reproducibility of calibration stan-
dards (£0.3%0 for 8'%0, +0.15%0 for 870, Kita et al.,
2009, 2010). Uncertainties of host A'’O values only con-
sider components (i) and (ii).

3. RESULTS
3.1. Petrography of chondrules

In the Kaba thin section, 7 type IA (<10% modal abun-
dance of low-Ca pyroxenes), 3 type IB (<10% olivine), 14
type IAB, 1 type IIA, and 1 type IIB were analyzed for oxy-
gen isotope compositions. The two individual chondrules
K8 and K9 are part of one compound object and discussed
together as chondrule K8 +9 (Fig. la). Petrographic
descriptions of each chondrule analyzed in this study is pre-
sented in the Appendix EA3. Chondrule sizes range from
0.6 to 3 mm (diameter or longest direction); the type ITA
chondrule is considerably smaller (0.15 mm). Throughout
this paper no distinction is made between complete chon-
drules and chondrule fragments. General textures of most
investigated chondrules are best described as porphyritic.

Some type IAB chondrules show a predominately con-
centric layering. In particular, concentric layering within
individual chondrules is well developed in the compound
chondrule K8 +9 (Fig. 1a), as well as in chondrules K1
(Fig. 1b) and K20 (Appendix EA1, Page 20). In these exam-
ples, inner portions of chondrules comprise olivine,
mesostasis, and in the case of the individual chondrule
K8 also abundant opaque phases. Inner portions are man-
tled by pyroxenes, often containing olivine inclusions, and
are enclosed with fine-grained rims dominated by pyroxene
and dispersed opaque phases. The texture and mineralogy
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Fig. 1. Representative BSE images of chondrules from the Kaba USNM 1052-1 thin section showing SIMS pits for oxygen three-isotope
analyses (except for K1). (a) Compound chondrule K8 + 9 (IAB) enclosed in igneous rim comprising pyroxene, olivine and opaque phases. (b)
K1 (IAB) composed of coarse-grained olivine and pyroxene phenocrysts, as well as anorthite and high-Ca pyroxene in mesostasis at the
chondrule center; enclosed in relatively fine-grained and opaque phases-rich rim. (¢) K22 (IAB) contains coarse-grained olivine and low-Ca
pyroxene. Altered mesostasis comprises phyllosilicates and high-Ca pyroxenes, latter forming euhedral overgrowths on low-Ca pyroxenes. (d)
Low-Ca pyroxene poikilically encloses olivine in K11 (IB). (e) K16 (IA) comprises small amount of mesostasis and intermediate pyroxene
alongside olivine. (f) FeO-rich low-Ca pyroxenes (En85) in K25 (IIB) possess overgrowth of FeO-rich olivine (Fo83). Ol: olivine, Lpx: low-Ca
pyroxene, HPx: high-Ca pyroxene, IntPx: intermediate pyroxene, An: anorthite, Phy: phyllosilicates; scale in all images: 500 pm.
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of the irregular-shaped chondrule K12 (see Appendix EAI,
Page 12) resembles those of these fine-grained rims. Tex-
tures of the type IAB chondrules K3 and K19 (see Appen-
dix EA1) indicate a similar concentric layering but fine-
grained rims are absent.

In general, olivine occurs in type I chondrules (i) as
anhedral grains (e.g., K3, K5, K8 + 9) or, rarely, as euhe-
dral phenocrysts (K1) and small euhedral crystals in
mesostasis (K4), (ii) in the form of irregular-shaped olivine
masses (e.g., K19; K22, Fig. 1c), and (iii) as small euhedral
grains poikilically enclosed in low-Ca pyroxene (e.g., K1,
K24; K11, Fig. 1d). In type IA chondrules, olivine grains
can be coarse-grained and embedded in varying amounts
of interstitial mesostasis (K7, K10; K16, Fig. le). Chon-
drule K6 (IA) comprises olivine that contains metal grains,
typical for “dusty olivine” relicts. Except for its occurrence
in fine-grained rims, low-Ca pyroxene is usually subhedral
(or even euhedral) and often exhibits a poikilitic texture
caused by small individual inclusions (e.g., K11, KI5,
K24) or clusters of olivine grains (K13). The type IIB chon-
drule K25 comprises subhedral pyroxene that exhibits thin
(<20 pm) overgrows of olivine (K25, Fig. 1f).

Chondrules contain varying amounts of opaque phases
(e.g., high abundance: K11, K12, K14, K23; low: K3, K7,
K16, K22) that are evenly distributed within chondrules
(e.g., K11, K12) or localized at their margins (e.g., K8 +
9, Fig. 1a; K16, Fig. le). In chondrule K8 + 9, larger blobs
of opaque phases are abundant at the interface of chon-
drule interior and rim (Fig. la). As confirmed by SEM-
EDS analyses, opaque phases are mainly magnetite, Fe-
Ni sulfides, and, rarely, Fe-Ni alloys (only in K1). The
mesostasis is altered in most of the chondrules and com-
prises abundant phyllosilicates that probably replaced
glassy mesostasis and plagioclase (Fig. 1c). High-Ca pyrox-
ene often forms euhedral overgrowths on low-Ca pyroxenes
(Fig. lc), sometimes also worm-like intergrowth textures
with plagioclase (see Appendix EAl, Page 14).

3.2. Mineral chemistry of olivine, pyroxene, and mesostasis
phases

Mg#’s of olivine in type I chondrules are restricted to a
narrow range between 98.5 and 99.8 (99.3 + 0.58, 2SD) and
zoning caused by thermal metamorphism is insignificant
(complete set of EPMA analyses in Appendix EA4). Thin
FeO-rich halos around opaques or small holes in olivine,
once filled by opaque minerals, are evidence for small-
scale diffusion and excluded from analyses. Some olivine
in chondrule K1 shows higher than typical Cr,Oz (up to
0.69 wt%) and MnO (up to 0.49 wt%) values compared to
the mean of all olivine analyses (Cr,O3: 0.36 & 0.27 wt%;
MnO: 0.18 £ 0.25 wt%; 2SD). Chondrules K3, K7, and
K22 contain olivine grains that yield CaO contents slightly
higher than 0.5 wt% (up to 0.59 wt%). Olivine in the type
ITA chondrule (K26) is zoned in Fe content and yields
Mg#’s of 66.2 and 57.7 in the center and close to margins,
respectively. The thin olivine overgrowths on pyroxene in
the type IIB chondrule (K25) possess Mg#’s of about 83.

Low-Ca pyroxene (Wo.3) is Fe-poor (mean Mg# type I:
99.1 +0.51, 2SD) and shows the characteristic twinning of

clinoenstatite when observed under crossed polarizers. In
addition to low-Ca pyroxene, some type I chondrules
(K5, K6, K8 +9, K10, K13, K16) contain “intermediate
pyroxene” (IntPx) often associated with mesostasis and dis-
tinguished from low-Ca pyroxene by higher Wo contents
(Wos3.5); lamellar twins are often absent in intermediate
pyroxene. The fine-grained rim enclosing chondrules K8
and K9 comprises low-Ca and intermediate pyroxene. In
chondrule K10, intermediate and high-Ca pyroxenes in
the mesostasis are the only pyroxenes; in chondrule K16,
low-Ca pyroxene is only present in insignificant amounts
at chondrule margins whereas intermediate pyroxene fills
interstitials of coarse olivine grains (Fig. le). Pyroxene in
the type IIB chondrule (K25, Fig. 1f) is EngsFs;4sWo,
(Mg#: 85.7). In general, high-Ca pyroxenes (Enss.gsFs<o-
Wo,_ ) that coexist with plagioclase (Angjgg) in the
mesostasis of several chondrules can be considered as alu-
minian augites (Al > 0.1 apfu, atoms per formula unit). In
these aluminian augites, the Ca(R**)AlSiOg component,
where R*" is predominately Al, can exceed 15 mol% in a
few cases. Ti contents of high-Ca pyroxenes are low
(<0.05 apfu).

3.3. Oxygen three-isotope ratios

A total of 235 SIMS oxygen isotope analyses of olivine
(133) and pyroxene (102) were performed. Thereof 16 had
to be rejected from final results, mostly because (i) the spot
area covered two different phases (e.g., K1: 98.01, 104.Lpx;
see Appendix EA2, Page 1), (ii) abundant cracks (e.g., K4:
234.Lpx), (iii) the beam hit cavities in grains (e.g., K23: 309.
Ol) or (iv) due to other surface imperfections. SIMS
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Fig. 2. Oxygen three-isotope diagram showing olivine (n = 124)
and pyroxene (n =95) analyses from chondrules in Kaba. Most
analyses plot on the primitive chondrule mineral (PCM; Ushikubo
et al., 2012) line or in between the PCM and CCAM (Clayton et al.,
1977) lines; analyses of chondrule K25 plot above PCM and on
terrestrial fractionation (TF) line. YR: Young & Russel line
(Young and Russell, 1998).
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analyses are referred to in this paper by citing the chondrule
identifier, followed by the analysis number and an abbrevi-
ation of the mineral analyzed. The complete oxygen three-
isotope dataset of this study, including rejected analyses, is
provided in Appendix EAS. Individual oxygen three-
isotope diagrams of all analyzed chondrules are given in
Appendix EA6.

Most oxygen isotope ratios of olivine and pyroxene plot
either on the PCM or in between the PCM and CCAM lines
(Fig. 2). The 5'%0 and 870 values of all individual analyses
range from ~—36%o to +4%o0 and —38%o to +2%o, respec-
tively (A'7O ~ —19%0 — 0%0). Some of the most '®O-rich
analyses (e.g., A'"O &~ —15%., K4: 235.01, 236.01) show
internal errors (derived from cycle-by-cycle variations
within a single spot analysis) that are larger than typical
(<0.5%0), indicating heterogeneous oxygen three isotope
ratios within an analyzed volume. Typical olivine and
pyroxene in type I chondrules yield 3'*0 and 3'’O values
in between —12%0 and —1%o. and from —15%c to —5%o,
respectively (A'70 ~ —8%o to —3%o). Pyroxene in the type
B (8'%0: +3.7 — +4.0%0, 8'70: +2.0 — +2.1%0, A'70O:
0.0 — +0.2%0) and olivine in the FeO-rich type IIA chon-
drule (8'%0: 42.6 — +2.9%0, §'’0: —1.1 to —0.4%0, A'O:
—2.5%0 to —1.9%o) are '°O-poor compared to those in type
I chondrules. Analyses of olivine overgrowths on pyroxene
of the type IIB chondrule (K25: 327.01, 328.01) have been
rejected because of irregular SIMS pits, yet their A'7O val-
ues (A70: 0.09 £ 0.01%0, n = 2, 2SD) are indistinguishable
within analytical uncertainty from those of the pyroxene
(0.06 £ 0.19%0, n = 3, 2SD) in the same chondrule.

3.4. The presence of isotopic relict grains and host chondrule
AV0 values

Fig. 3 provides oxygen three-isotope diagrams for
selected chondrules and Fig. 4 shows A!7O values of olivine
and pyroxene as well as mean chondrule A'’O values. For
all chondrules examined, at least 3, but usually more than
7 analyses are indistinguishable within analytical uncertain-
ties (Fig. 3a—g). 11 out of 25 chondrules comprise olivine
analyses that are variable in A'’O values beyond the thresh-
old, and some of them are considered to represent analyses
of relict grains. Most relict olivine grains are '°O-rich rela-
tive to their host, but in some chondrules (see Fig. 4; K18,
K 16) relict olivine grains are '°O-poor relative to the corre-
sponding host. Olivine analyses in chondrules K5, K13, and
K16 form clusters with mean A'’O values that are distin-
guishable from those of the corresponding pyroxene clus-
ters. Therefore, in these cases, the host A7O values are
determined by using only pyroxene analyses although a
part of the olivine analyses in chondrules K5 and K13 are
within the variability threshold. In chondrules K6, K8 +
9, and K24, the internal variability of A'’O is marginal
compared to the threshold of 0.6%o.

Most chondrules in the Kaba 1052-1 thin section (21 out
of 25) yield almost continuous host A'’O values in between
—6.1%0 and —3.9%o (8'30: —6.9%0 to —2.1%o, 8'70: —9.7%o
to —5.0%o, see Fig. 4 and Table 1). Chondrules K18 (IA)
and K23 (IAB) possess the lowest host A'7O values of
—8.3%0 (8'%0: —12.0%0, 8'70: —14.5%0) and —7.8%o (8'8%0:

—7.0%0, 8'70: —11.4%o0), respectively. The type IIB chon-
drule (K25) and the type ITIA chondrule (K26) show the
most '®O-poor compositions with host A7O values of
0.1%o0 (5'20: 3.8%0, 8'70: 2.0%0) and —2.2%o (8'%0: 2.7%o,
3170: —0.8%o), respectively.

4. DISCUSSION
4.1. Evaluation of host chondrule oxygen isotope ratios

The primary aim of this SIMS oxygen isotope study of
olivine and low-Ca pyroxene phenocrysts is to determine
the oxygen isotope ratios of the last chondrule-forming
melt that would record the average oxygen isotope ratios
of the local dust-enriched disk. For clarity, the term “last
chondrule-forming melt” is used here to refer to the pro-
duct of the last major melting event that is recorded in most
chondrules of one chondrite. These melts interacted with
the ambient gas before or during crystallization of chon-
drule minerals (e.g., Tissandier et al., 2002; Hewins and
Zanda, 2012; Nagahara and Ozawa, 2012; Di Rocco and
Pack, 2015; Marrocchi and Chaussidon, 2015) and there
is evidence that chondrule phenocrysts and evolved melts
were not in chemical equilibrium (e.g., Libourel et al.,
2006). This disequilibrium, in turn, raises some doubts
whether A0 values of olivine and low-Ca are actual rep-
resentative for those of the last chondrule-forming melt.
However, Ushikubo et al. (2012) showed for Acfer 094
(ungr. CC), the most pristine carbonaceous chondrite
known to date, that chondrule phenocrysts (excluding
relicts) and mesostasis phases such as high-Ca pyroxenes,
plagioclase, and glass are indistinguishable in respect to
A0 values. Also, high-Ca pyroxenes, plagioclase, and oli-
vine show indistinguishable A'’O values in chondrules from
two CR chondrites (Tenner et al., 2015) and Yamato-82094
(ungr. CC, Tenner et al., 2017). Moreover, it is likely that
systematically higher A'7O values of chondrule glass in
Semarkona (LL, Kita et al., 2010) or plagioclase in Kaba
(CV, Krot and Nagashima, 2016) are due to parent body
processes and not caused by gas-melt exchange during pla-
gioclase crystallization or glass formation.

Porphyritic chondrules can contain mineral grains that
didn’t completely melt during the chondrule-forming event
and are identified as relict grains either by chemical compo-
sitions and/or isotope ratios (e.g., Jones et al., 2004;
Kunihiro et al., 2004; Krot et al., 2006; Berlin et al.,
2011; Rudraswami et al., 2011; Ushikubo et al., 2012;
Schrader et al., 2013; Tenner et al., 2013). Relict olivine
grains predate “host” minerals that crystallized from the
final chondrule melt (Nagahara, 1981; Jones, 1996;
Wasson and Rubin, 2003). Classical examples of those relict
olivine are '°O-rich forsteritic cores in type II chondrules of
carbonaceous chondrites (e.g., Yurimoto and Wasson,
2002; Kunihiro et al., 2004, 2005; Rudraswami et al.,
2011; Ushikubo et al., 2012; Schrader et al., 2013; Tenner
et al., 2013). However, in most of the cases, isotopically dis-
tinct olivine relict grains are chemically and petrographi-
cally indistinguishable from other olivine of the same
chondrule and only identified by SIMS analyses at sub-%o
precisions (e.g., Rudraswami et al., 2011; Ushikubo et al.,
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Fig. 3. Oxygen three-isotope diagrams of individual olivine and pyroxene analyses of representative chondrules in Kaba. Error bars show
external reproducibility (2SD) obtained by analyses of the bracketing olivine standard. (a—g) Individual analyses are indistinguishable in terms
of their A'70 values within the variability threshold of 40.6%o. (h) One olivine analysis in chondrule K 14 slightly exceeds variability threshold.
(i and j) Olivine and pyroxene analyses form distinct clusters, while (relict) olivine are either '®O-rich (K13) or 'O-poor (K16) relative to
pyroxene. (k and 1) Analyses of K6 and K8 + 9 show clearly resolvable variability in 5'*0 and §'70 values (2SD: 1.0-1.4%0) but A'7O values
are within variability threshold (+0.6%0). Both chondrules are marginally heterogeneous. In K6 (k), analyses located in right hand part of
chondrule are relatively more "®O-rich (circled data points). In K8 + 9 (1) pyroxene analyses in the rim and a few locations of the chondrule
interior (circled data points) are '®O-poor relative to the rest of the analyses.



124 A.T. Hertwig et al./ Geochimica et Cosmochimica Acta 224 (2018) 116-131
02468
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
number
od | ® O . N Lo
4 Relict Ol
_ ¢ Px (Low-Ca & Intermediate) | L
¥ Chondrule mean, excluding relict grains N
D] (host value) 0 E L5
—_ -4 - -4
o
£
o o} B
~
< -6 - -6
- Chondrule mean +/- 0.6%o -
i
-8 - 1 .
i 5 -
i E
10+ | X I & —-10
+ T + T T T T T T T T T T T T T T + T T T T T T LI T T T T
eg¥eggesreergyeccoYeeygcee gy
¥ X X X ¥ X X ¥ ¥ ¥ ¥ ¥ X ¥ X ¥ X
Chondrule

Fig. 4. A'70 values of olivine and pyroxene analyses per individual chondrule. Error bars show external reproducibility (2SD) obtained by
analyses of the bracketing standard. Chondrules sorted according to increasing host chondrule A'7O values (stars) which are obtained by
averaging A'7O values of isotopically homogeneous olivine and/or pyroxene analyses after excluding isotopic relicts (triangles). A'7O values of
relict olivine exceed the variability threshold (grey line; +0.6%0, mean external precision on bracketing standard, 3SD). Most type I chondrules
show host chondrule A'70 values in between —6%o and —4%o as illustrated by the histogram on the right-hand side of the graph.

2012; Tenner et al., 2013, 2015, 2017). In order to deduce
representative oxygen isotope ratios of the chondrule-
forming environment, it has proven useful to define mean
“host” oxygen isotope ratios. These host values have anal-
yses of those isotopic relict grains excluded from chondrule
means (e.g., Kunihiro et al., 2004; Ushikubo et al., 2012;
Tenner et al., 2017).

In 11 of 22 chondrules, analyzed olivine grains are indis-
tinguishable from pyroxene in the same chondrule, i.e.,
chondrules are relict grain-free and contain both minerals.
The total number of chondrules cited here excludes chon-
drules K23 and K25 where no valid pyroxene or olivine
analyses, respectively, are available as well as K26 that does
not contain pyroxene. Moreover, 19 out of 22 chondrules,
shown in Fig. 5a, are either relict grain-free or contain at
least one olivine with A'’O values indistinguishable from
pyroxene of the same chondrule; the remainder comprises
three chondrules, K5, K13, and K16, where all olivine are
considered to represent relict grains. Since olivine is the lig-
uidus phase succeeded by low-Ca pyroxene during crystal-
lization of type I chondrule melts, there is a possibility
that a changing melt A'’0 value during crystallization
would be reflected in differing A'’O values of both minerals,
e.g., higher A0 values of pyroxenes relative to those of
olivine (e.g., Chaussidon et al., 2008); such systematic rela-
tionship was clearly not observed in this study. It is there-
fore suggested that olivine and pyroxene crystallized from
a homogenized melt in respect to A'’O and that the mean
chondrule A0 values of chondrule olivine and pyroxene
can be used as a proxy for those of the last chondrule-
forming melt.

There could be, however, a tendency of olivine to show
slightly higher 8'%0 values than pyroxene of the same chon-
drule, but caution is advised because variations are within
analytical uncertainties (see Fig. 5b). Similar observations
were made earlier for different chondrites (Tenner et al.,
2013, 2015) and attributed to evaporative loss of light iso-
topes before olivine crystallization followed by re-
condensation of light isotopes before or during pyroxene
crystallization (Tenner et al., 2015). Since such processes
result only in mass-dependent fractionation, chondrule
A'70 values and conclusions based thereof are not affected
by this type of gas—melt interaction.

Mean chondrule A0 values determined for Kaba are
independent of the modal abundance of olivine and pyrox-
ene as shown in Fig. 6 which is in line with previous SIMS
oxygen isotope studies on unequilibrated carbonaceous
chondrites (Rudraswami et al., 2011; Ushikubo et al.,
2012; Tenner et al., 2013, 2015). Apart from the Mg#’s, this
study found no connection between oxygen isotope ratios
and chemical compositions of olivine or pyroxene. For
example, there exists no systematic difference of pyroxene
3170, 8'%0, or A0 depending on the Wo content (i.c.,
low-Ca pyroxene vs. intermediate pyroxene). In agreement
with previous SIMS oxygen isotope studies on chondrule in
carbonaceous chondrites (e.g., Rudraswami et al., 2011;
Ushikubo et al., 2012; Tenner et al., 2015), most host chon-
drule A'’O values plot on the PCM line or between the
PCM and CCAM lines (see Fig. 6); notable exceptions
are chondrules K25 (type 1IB) and K23 (IAB). In the latter
case (K23), isotopic compositions of olivine are potentially
fractionated.



A.T. Hertwig et al./ Geochimica et Cosmochimica Acta 224 (2018) 116-131

Table 1

125

Average mineral chemistry and host oxygen isotope ratios (%o, VSMOW) of individual chondrules in the polished thin section of Kaba CV3

(USNM 1052-1).

Chondrule Type Ol-r* Ol-h* Px* Mg#° Wo* 31801 3'70¢ A0¢

K1 (core) IAB - 12 9 99.0 1 -1.79 +0.33 —5.15 +0.24 —4.22 +0.17
K1 (rim) - - - 2 98.4 1 -1.79 +1.36 —4.91 +0.72 —3.98 +0.29
K1 (all) 1AB - 12 11 98.8 1 -1.79 +0.34 —5.13 +0.24 —4.20 +0.17
K2 1A 2 6 2 99.2 2 (1-2) -3.07 +0.50 —6.05 +0.32 —4.45 +0.29
K3 1AB - 4 4 99.3 1 —2.12 +0.42 —5.00 +0.24 -3.89 +0.26
K4 1A 6 1 2 99.5 1 —6.91 +0.49 —9.66 +0.44 —6.07 +0.28
K5 IAB 3 - 5 99.3 3(1-5) —4.46 +0.47 —7.87 +0.45 —5.56 +0.28
K6 1A - 6 4 99.3 3(1-3) —2.45 +0.44 —5.66 +0.37 —4.39 +0.21
K7 IA 5 3 994 1 —5.45 +0.40 —8.11 +0.22 —5.28 +0.16
K8 IAB - 6 4 99.3 1 -5.75 40.40 —8.78 +0.31 -5.79 +0.19
K9 IAB - 2 3 994 2 (1-5) —5.34 +0.86 —-8.30 +0.65 —5.53 +0.27
K8 + 9 (rim) - - 4 99.1 4 (1-5) —4.47 +0.36 —7.61 +0.30 —5.28 +0.23
K8 +9 (all) IAB - 8 11 99.3 2 (1-5) —5.37 +0.46 —8.41 +0.36 —5.62 +0.19
K10 1A 1 4 5 99.0 4 (4-5) —2.67 +0.37 =5.77 +0.29 —4.38 +0.19
K11 IB - 3 4 99.2 1(1-3) -3.16 +0.39 —6.33 +0.26 —4.68 +0.19
K12 IAB 1 3 5 99.1 1(1-2) —4.73 +0.37 —7.85 +0.26 -5.39 +0.18
K13 1B 3 - 5 99.0 2 (1-4) —3.08 +0.49 —6.09 +0.29 —4.48 +0.23
K14 IAB 1 3 4 99.1 1 —4.31 +0.39 —7.64 +0.29 —5.40 +0.24
K15 IB - 4 4 99.4 1 —5.85 +0.41 —8.87 +0.25 —5.83 +0.18
K16 1A 6 - 4 99.2 5 —4.62 +0.42 —7.43 +0.29 -5.03 +0.27
K17 IAB - 5 3 994 1 —4.90 +0.36 —7.94 +0.26 —5.40 +0.21
K18 1A 3 3 1 99.6 1 —11.96 +0.41 —14.48 +0.28 —8.26 +0.14
K19 IAB - 5 2 99.3 1 —4.37 +0.65 —-17.56 +0.42 -5.29 +0.18
K20 IAB 2 3 2 99.2 1 —4.10 +0.75 —7.41 +0.61 —5.28 +0.26
K21 IAB - 5 3 99.2 1 —3.41 +0.34 —6.97 +0.30 —5.20 +0.26
K22 IAB - 4 4 98.8 1 —2.74 +0.53 -5.79 +0.38 —4.37 +0.26
K23 IAB - 4 - 99.5 - -7.02 +0.31 —11.44 +0.40 -7.79 +0.37
K24 IAB 1 3 4 99.4 1 -5.29 +0.69 —8.48 +0.63 -5.73 +0.36
K25 1B - - 3 85.7 1 +3.82 +0.35 +2.04 +0.30 +0.06 +0.24
K26 1A - 4 - 62.9° - +2.74 +0.34 —0.80 +0.38 —2.22 +0.28

* Ol-r, Ol-h, and Px represent the number of SIMS analyses from relict olivine, host olivine, and low-Ca pyroxene, respectively.
® Mean Mg# (MgO/(MgO + FeO) mol%) of olivine and pyroxene excluding relict olivine.

¢ Mean Wo component of low-Ca pyroxenes in mol%; ranges shown in parenthesis, if significantly variable.

4 Quoted uncertainties are at 95% confidence level. Analyses of relict olivine are not included in the mean values.

¢ Olivine zoned in Mg# (core ~ 66, rim ~ 58).

4.2. Consistent Mg#’s of chondrule olivine and pyroxene

Pristine oxygen isotope ratios and Mg#’s are a precon-
dition for reliable conclusions about the chondrule-
forming environment and consistent Mg#’s of olivine and
pyroxenes are an important indicator whether thermal
metamorphism could have disturbed primary values.
According to the equilibrium condensation model of Ebel
and Grossman (2000), olivine and orthopyroxene initially
show similar Mg#’s of about 98 at the time the last melt
disappears (Ebel and Grossman, 2000, therein Fig. 8, dust
enrichment factor: 100). Due to diffusive exchange with
Fe-rich minerals, olivine and pyroxene could become more
FeO-rich during parent body metamorphism. Importantly,
the interdiffusion coefficient of Fe and Mg in olivine is
about 2 log units larger than in orthopyroxene (e.g.,
Dohmen and Chakraborty, 2007; Dohmen et al., 2016,
and references therein), i.e., diffusion rates are higher in oli-
vine than in orthopyroxene. Therefore, low degrees of ther-
mal metamorphism manifests itself first in elevated olivine
Mg#’s whereas pyroxene Mg#’s remain unchanged. Fur-
ther, because diffusion of Fe and Mg is fast relative to that

of oxygen (Dohmen and Chakraborty, 2007), matching
Mg# indicate that both minerals probably record primary
oxygen isotope ratios. However, it should be noted that flu-
ids could have enhanced oxygen diffusion in those silicates
(Farver, 2010, and references therein). In this study we
found consistent Mg#’s of most olivine pyroxenes within
individual chondrules from Kaba, providing evidence for
unaltered Mg#’s and A!'’O values. Those values can now
be used to infer possible dust enrichment and ice enhance-
ment factors of the CV chondrule-forming region.

4.3. Relating oxygen isotope compositions of chondrules to
levels of dust enrichment in the chondrule forming region

Tenner et al. (2015) proposed a simple yet powerful
model to relate the A'’O values and Mg#’s of host chon-
drules to the extent of dust enrichment and the contribution
of distinct precursor oxygen reservoirs. The oxygen isotope
characteristics of host chondrules are described by an oxy-
gen isotope mass balance that involves Solar gas (A'70 =
—28.4%o), anhydrous silicate dust (—5.9%o) as well as organ-
ics (+11.8%0) and H,O ice (+5.1%0) in the dust as precursor
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have indistinguishable olivine and pyroxene analyses. Error bars
show the propagated uncertainties of the mean values (see
Section 2.4. and Table 1). (b) Mean olivine 3'*0 values are slightly
higher than those of pyroxene but variations are within propagated
uncertainties.

oxygen reservoirs. At a given amount of water ice, chon-
drule A'70 values strongly increase with rising dust enrich-
ment but continue to increase only marginally at dust
enrichment factors higher than 100 because at these condi-
tions, mass balance is dominated by nearly constant
amounts of oxygen from the anhydrous silicate precursor
dust and the water ice.

For instance, if a chondrule formed in a region with 100
times (CI) dust enrichment (H/O ~ 37) relative to Solar
nebula values, 43% and 53% of the oxygen in the chondrule
would come from precursor anhydrous silicates and water
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Fig. 6. Host chondrule isotope ratios (5'%0, 8'70, and A'70) and
textures of chondrules. Error bars represent propagated uncer-
tainty of the mean values. (a) Oxygen 3-isotope diagram showing
chondrule means. Reference lines are the same as those in Fig. 2.
Host values of chondrules plot on the PCM line or slightly below.
Exceptions are chondrules K23 (IAB) and K25 (IIB). (b) Host
A0 values are independent of chondrule texture among type I
chondrules. Type IT chondrules are '°O-poor compared to type I
chondrules.

ice in the dust, respectively; only a minor fraction of 4%
would be inherited from the Solar gas and organics in the
dust (Tenner et al., 2015, see their Table 3). Hence, when
applying the model originally calibrated for CR chondrules
to chondrules in CV chondrites, new A!7O values for the
precursor silicates and water ice need to be defined whereas
a difference in A'7O values for the organics in both regions
can be ignored. Following Tenner et al., 2015, oxygen iso-
tope ratios for both reservoirs are defined based on the
assumption that the lowest measured chondrule A0 val-
ues (mean of K18 and K23: —8.0%c) are representative
for the effective A'”O value of the anhydrous precursor sil-
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Fig. 7. Plot showing host A0 values and Mg#’s of chondrules superimposed by oxygen isotope mixing curves of constant dust enrichment
and ice enhancement from the model of Tenner et al. (2015). The model adopts the following A'”O values for the various oxygen reservoirs:
anhydrous silicate dust, —8.0%o; Solar gas, —28.4%o; water ice, +2.0%o; organics in the dust, +11.3%o. Inferred anhydrous dust enrichment and
ice enhancement factors for type I chondrules are 50-100x relative to Solar abundance and from anhydrous to ~0.6x the water ice content of
dust of CI composition, respectively. Mg#’s and A0 values of the type II chondrules suggest higher: (IIB: ~300x, IIA: ~2000x) dust
enrichment factors and water ice contents (1-4x the amount of water ice of dust of CI composition). The error bars for Mg#’s represent the
range (min-max); for host (mean) A!’O values, error bars are propagated uncertainties (see Table 1).

icates and that chondrules with higher A'7O values are
formed by addition of 'O-poor water ice. Since type II
chondrules likely formed at highly dust-enriched condi-
tions, the A'’O value of the water ice is calculated using
the measured A'’O value of chondrule K26 (—2.2%o, type
II) in the following way: at a dust enrichment factor of
1000, the mass balance involves oxygen from the sources
water ice, anhydrous silicate dust, and organics in the fol-
lowing proportions 54:44:2 (Tenner et al., 2015); solving
the mass balance for the A'7O value of water ice, results
in a value of +2%o.

Host chondrule A'7O and Mg#’s from Kaba are shown
in Fig. 7 in combination with modeled dust and ice enrich-
ment factors. Error bars for Mg#’s denote maximum-
minimum ranges including olivine and pyroxene analyses
in individual chondrules of Kaba. Data suggests that higher
chondrule Mg#’s correlate with lower A'’O values which is
in line with results for chondrules from CR chondrites
(Schrader et al., 2013, 2014, 2017; Tenner et al., 2015).
According to the model of Tenner et al. (2015), values of
type I host chondrules in Kaba correspond to low dust
enrichment factors between 50x and 100x and low
amounts of water ice (anhydrous CI dust to 0.6x the nom-
inal amount of ice in dust of CI composition) in the dust.
The type IIB chondrule could have formed at 300x dust
enrichment and ~3x water ice. However, formation of this
chondrule might be unrelated to that of other chondrules
because 5'%0 values are fractionated in such a way that
analyses plot off the PCM and on the TF line. This distin-
guishes them from analyses of all other chondrules and sug-
gests that at least one different precursor reservoir
contributed to their formation (e.g., Clayton et al., 1983;
Tenner et al., 2015). The type II chondrule K26 possibly

formed at dust enrichments of 2000x. Results from this
study support the idea that Mg#’s and A'’O values may
be correlated even for very Mg-rich chondrules with
Mg#’s above 99. For these reducing conditions (logos:
IW — 3.5), increasing A'’O values in combination with
decreasing Mg#’s may be due to a small increase in the dust
enrichment factor or water ice contents or a combination of
both parameters (see Fig. 7), as noted by, e.g., Tenner et al.
(2015).

Ice enhancement and, to a lower degree, dust enrichment
factors inferred from chondrule A'70 values vary with the
assumed isotope ratios of the contributing reservoirs. For
example, overestimating the A'7O value of anhydrous sili-
cate dust in the precursor by 5%0 (A'70O = —12%o instead
of —8%o) has only a limited effect on inferred maximum
dust enrichments (slight decrease) but increases the maxi-
mum estimated ice enhancement factor to 1x the nominal
amount of ice in CI dust (type I chondrules), when keeping
other parameters constant. As discussed by Tenner et al.
(2015), alternative A'’O values of water ice (e.g., +80%o)
can significantly decrease the inferred ice enhancement fac-
tor while only moderately affecting dust enrichment factors,
e.g., shifting maximum enrichment factors obtained for
Kaba type I chondrules from 100x to 200x CI dust relative
to Solar abundance. In conclusions, dust enrichment fac-
tors inferred from chondrules in Kaba are likely reasonable
estimates for the chondrule forming environment, while ice
enhancement factors are less accurately known and sensi-
tive to the applied A'7O values of reservoirs.

In the scope of the model by Marrocchi and Chaussidon
(2015), relict olivine grains represent the direct silicate pre-
cursor material for the individual chondrule they are
included in. Differences between isotope ratios of individual
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chondrules are, consequently, due to isotopically distinct
precursor olivine rather than due to influence of '®O-poor
water ice. Further, Marrocchi and Chaussidon (2015) sug-
gest that, if present, isotopic disequilibrium between chon-
drule olivine and pyroxene (AISOpx_ol) represents a
possible proxy for dust enrichment in the chondrule-
forming region. Accordingly, isotopically homogeneous
chondrules would indicate high (>100 times) dust enrich-
ments. A AISOPX_OI of approximately +1.5 like observed in
chondrules K5 and K13 would amount to dust enrichments
smaller than 5x, considering precursor olivine of —5%o
(Marrocchi and Chaussidon, 2015, see their Table S1).
Within the framework of that model, 16O-poor relict olivine
as a source for '°0O-rich pyroxene as found in chondrule
K16 is only conceivable with 'O-rich gas and extremely
low dust enrichment factors (<0.001). The model predic-
tions such as the low dust enrichment factors for the three
chondrules are based on the explicit assumption that most
olivine are relict grains. Although it cannot be ruled out
that some olivine grains with A'’O values similar to pyrox-
enes are actually relict grains, there is recent chemical and
isotopic evidence from chondrules in CR chondrites
(Schrader et al., 2014) that argue against such a scenario
where most olivine in type I chondrules are relict (e.g.,
Libourel and Krot, 2007; Libourel and Chaussidon, 2011).

4.4. Comparison to data from the Allende CV3 and other
carbonaceous chondrites

It can be seen from the previous discussion that host
chondrule A0 values in combination with mean Mg#’s
provide important information about the contribution of
different oxygen reservoirs to chondrule formation. With
histograms presented in Fig. 8, host chondrule A'’O values
of Kaba are compared to those of various groups of car-
bonaceous chondrites in order to identify common chon-
drule populations. Literature data in Fig. 8 are selected
based on the following criterions: (1) The precision of indi-
vidual chondrule means are small compared to bin size
(<0.5%0), (2) the chondrule means were obtained from mul-
tiple analyses (n > 4) of single chondrule at sub%o precision
in order to exclude obvious relict olivine analysis, and (3)
the total number of chondrules in the dataset are statisti-
cally meaningful (n > 20) and generally cover a representa-
tive set of chondrule types. It is important to note that
frequencies of host A'’O values can be prone to misinter-
pretations because available chondrule data may not be
completely representative for the meteorite. In many stud-
ies, chondrules are primarily selected based on the size of
mineral grains due to spatial resolution of the SIMS
method. For example, grain size limitations might have
biased Allende data towards type IA chondrules
(Rudraswami et al., 2011). Also, minor chondrule types,
such as type II chondrules in carbonaceous chondrites
and Al-rich chondrules are often over-selected compared
to their actual representative abundances (e.g., Connolly
and Huss, 2010; Ushikubo et al., 2012; Schrader et al.,
2013; Tenner et al., 2017).

Histograms of host chondrule A'70O values of Kaba,
Allende, Yamato 81020, two CRs, Yamato 82094, and
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Fig. 8. Histograms of host A'’O values from chondrules in Kaba
and further carbonaceous chondrites. Like Kaba, all listed
carbonaceous chondrites contain abundant type I chondrules with
A0 values in the range of ~—6%o and —4%o, though no type I
chondrules in Kaba show A'’O values >—3%o that are common in
the other carbonaceous chondrites except Yamato 82094. Because
Allende experienced significant thermal metamorphism, Mg#’s of
chondrules are disturbed and no distinction is being made between
type I chondrules with Mg# <98 or >98. Literature data are from
[1] Rudraswami et al. (2011), [2] Tenner et al. (2013), [3] Tenner
et al. (2015), [4] Tenner et al. (2017), [5] Ushikubo et al. (2012).

Acfer 094 (for references see Fig. 8) show at least one com-
mon mode of A0 values in between —6%0 and —4%o.
Yamato 81020, the CR chondrites, and Acfer 094 also con-
tain a significant fraction of chondrules with A'’O values of
~—2%o, which are observed in Kaba, Allende, and Yamato
82094 as minor components. Except for Yamato 81020, all
carbonaceous chondrites mentioned in Fig. 8 contain chon-
drules with A'70 values of about 0%.. Only the Kaba, Acfer
094, and Yamato 82094 chondrites contain chondrules with
A0 values lower than —7%o. In general, type I chondrules
are '®O-rich in comparison to type II chondrules and show
a negative correlation between chondrule Mg# and A'70
values, as indicated by different grey tones in Fig. 8. More
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precisely, excluding the two CR chondrites, most type I
chondrules possess host A'7O values in the range between
—6%0 and —4%o with a minor mode at about —2%o that
mainly comprises chondrules with Mg#’s below 98. In con-
trast to the strong bimodal host A'7O values from the Acfer
094 and Yamato 81020 chondrites, data on type I chon-
drules from the CR chondrites suggest a continuum of
A0 values ranging from —6 to —1%o. At large, it appears
that type II chondrules only possess A'’O values higher
than —4%. whereas type I chondrules can show host A!’O
values from —10%o up to 0%o.

Analyzed chondrules from the Kaba CV3 chondrite dif-
fer from those in the aforementioned chondrites, especially
Allende, in two major aspects: First, host chondrule Mg#’s
are consistently above 98 and, second, there exist no type |
chondrules in Kaba that show A'’O values higher than
~—3%o. In Allende chondrules, the difference in Mg#’s is
due to secondary processes, so that high Mg#’s among
many Kaba chondrules represent the primary characters
of chondrules in CV. However, the lack of type I chon-
drules with A'’O > —3%. among chondrules in Kaba stud-
ied here could be due to sampling bias because only
chondrules from a single thin section of Kaba were ana-
lyzed. Precursors of type I chondrules with 'O-poor signa-
ture (A0 > —3%o0) are indicated from the analysis of
chondrule K16 (IA, Fig. le), in which relatively '°O-rich
pyroxene analyses define the host value (A0 = —5.03 +
0.27%o, unc.) by excluding 1%0-poor (A0 =-1.57+
0.22%o, unc.) relict olivine analysis. Such '°O-poor relict oli-
vine was also found in Allende chondrules (Rudraswami
et al., 2011).

5. CONCLUSIONS

Olivine and pyroxene in chondrules from the Kaba
USNM 1052-1 thin section were analyzed for oxygen
three-isotopes (SIMS) and mineral chemistry (EPMA) in
order to evaluate the degree of isotopic homogeneity in
chondrules and the relationship of chondrule A'70O values
and Mg#’s. More than one third of the analyzed chon-
drules in the Kaba CV3 contain isotopic olivine relict grains
that are generally '®O-rich relative to chondrule means;
however, three chondrule also comprise 'O-poor relict
grains. Excluding isotopic relicts, mean chondrule A'’O
values were calculated and it was demonstrated for most
of the chondrules that olivine and pyroxene are isotopically
indistinguishable and, consequently, that both minerals
likely crystallized from the last chondrule-forming melt.

Except for two type II chondrules, the analyzed thin sec-
tion only contains Mg-rich chondrules with high and uni-
form Mg#’s (host: 99.6-98.8). Consistent Mg#’s of
olivine and pyroxene in individual chondrules support the
interpretation that Kaba was only marginally affected by
thermal metamorphism. The majority of type I chondrules
possesses host A'7O values in the range between —6%o and
—4% and only two type I chondrules show more '°O-rich
compositions (~—8%o). The type IIB and IIA chondrules
are relatively '®O-poor and yield A'7O values of 0% and
—2%o, respectively. The A'’O values of type I chondrules

in Kaba tend to increase continuously with decreasing
Mg#’s.

In conclusion, type I chondrules in the Kaba CV3 chon-
drite are witnesses of an oxygen reservoir with an effective
A0 value of approximately —5%o which is also commonly
found in other groups of carbonaceous chondrites (e.g.,
Jones et al., 2004; Krot et al., 2006; Libourel and
Chaussidon, 2011; Rudraswami et al., 2011; Ushikubo
et al., 2012; Tenner et al., 2013, 2015; Schrader et al.,
2014). Interestingly, host A'7O values of type I chondrules
in Kaba don’t show a pronounced bimodal distribution
as it is evident for other carbonaceous chondrites such as
Acfer 094 and Yamato 81020. At this point it is not clear
whether the predominance of A0 values in between
—6%o0 and —4%o is an exclusive property of the investigated
thin section or representative for Kaba in general.

If the analyzed chondrules in Kaba are representative of
CV chondrites, the correlation of A'’O and Mg#’s points to
similar principals that governed formation of type I chon-
drules in CV and CR chondrites. This includes a possible
involvement of water ice as an oxidizing '®O-poor agent.
Inferred dust enrichment factors for the local disk environ-
ment are only moderately high (50-100x) and dust was
almost anhydrous (anhydrous to 0.6x the nominal ice in
dust of CI composition), based on investigations of type I
chondrules in the Kaba CV3.
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