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Abstract

We report on the investigation of presolar grains and organic matter (OM) in 14 xenolithic carbonaceous clasts (C-clasts)
identified in the Kapoeta howardite based on high-resolution NanoSIMS hydrogen, carbon, nitrogen, and oxygen isotopic
imaging data. The 14 C-clasts are �50–200 lm in size and consist of one CM-like and 13 CI-like clasts, which are classified
based on their mineralogies. The clasts from this study are likely sourced from an ice-bearing parent body, either an icy aster-
oid or a comet, originating from the outer solar system according to the following mineralogical observations: (1) in two CI-
like clasts, embayments of magnetite grains between the C-clast and the host howardite point to aqueous alteration occurring
on Vesta as a result of melting the ice embedded in the C-clasts; (2) all of the C-clasts, especially the 13 CI-like clasts, likely
originated from the same parent body, because (i) the 14 C-clasts are clustered in the thin section, and (ii) the clasts show a
much higher ratio of CI-like to CM-like clasts with respect to those reported in the literature. Four presolar silicon carbide
(SiC) and two presolar silicate grains were identified in the C-clasts. In addition, all the C-clasts contain moderate bulk D- and
15N-enrichments with the presence of sub-micron to micron-sized D and 15N hotspots, indicating the presence of primitive
organic material. Comparison of the abundances and isotopic compositions of presolar grains and OM in these C-clasts with
literature data for different samples of primitive extraterrestrial material provides support for (1) the genetic linkage of xeno-
lithic C-clasts to highly aqueously altered but minimally heated carbonaceous chondritic materials and (2) a homogeneous
distribution of circumstellar and interstellar materials in the protoplanetary disk. The low amounts of heat experienced by
the C-clasts suggest that they arrived at Vesta and/or Vestoids at low speeds after the late heavy bombardment in the inner
solar system �3.5–4.0 Gyr ago.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The Dawn mission revealed that asteroid 4 Vesta, the
second largest body in the asteroid belt, is differentiated
with an iron-rich core, a silicate mantle, and a basaltic crust
(De Sanctis et al., 2012). The Dawn mission observations
also provide strong support for the proposal that Vesta is
the parent body of HED (howardite, eucrite, and diogenite)
meteorites (De Sanctis et al., 2012), the most abundant type
https://doi.org/10.1016/j.gca.2020.05.026
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of achondrites in our meteorite collection (Mittlefehldt,
1997). Among HED meteorites, howardites are achondritic
brecciated mixtures of diogenites, eucrites, and other com-
ponents (e.g., Pun et al., 1998) including carbonaceous
chondrite clasts (C-clasts hereafter) that contain phyllosili-
cates, carbonates, and other minerals that formed by aque-
ous alteration (Wilkening 1973; Buchanan et al., 1993;
Zolensky et al., 1996; Gounelle et al., 2003). The differenti-
ation of Vesta likely started within 1 Myr after the injection
of 26Al into the young solar system and lasted for �10 Myr
before the solidification of Vesta (Formisano et al., 2013;
Weisfeiler et al., 2017). C-clasts in howardites were likely
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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trapped in the regolith after the differentiation of Vesta but
before the lithification of the regolith (Gounelle et al.,
2003).

The presence of C-clasts in howardites (Wilkening, 1973;
Zolensky et al., 1992; Buchanan et al., 1993; Metzler et al.,
1995; Pun et al., 1998; Gounelle et al., 2003, 2005; Bishcoff
et al., 2006; Lorenz et al., 2007; Patzek et al., 2018a) is not
unique. Primitive xenolithic C-clasts have also been
observed in other classes of meteorites, including ureilites
(Brearley and Prinz, 1992; Ikeda et al., 2000; Goodrich
et al., 2004, 2009; Bischoff et al., 2006; Patzek et al.,
2018a, 2020; Visser et al., 2018), ordinary chondrites
(Fodor and Keil, 1976; Keil et al., 1980; Nozette and
Wilkening, 1982; Rubin, 1989; Rubin and Bottke, 2009;
Kebukawa et al., 2017; Patzek et al., 2018a; Bischoff
et al., 2018), R chondrites (Greshake, 2014; Patzek et al.,
2018a), and aubrites (Lorenz et al., 2005). The presence
of xenolithic C-clasts in different classes of meteorites that
originated from different parent bodies strongly indicates
that carbonaceous-chondrite-like micrometeoroids were
widespread in the early solar system (Gounelle et al., 2003).

The source of xenolithic C-clasts remains enigmatic.
Mineralogical and petrologic characterization of C-clasts
shows that they are similar to CM and CI chondrites
(Patzek et al., 2018a) that are thought to originate from
asteroids. Given the small sizes of C-clasts, it is difficult
to obtain precise bulk oxygen isotopic data to definitively
confirm the linkage between CM-like and CI-like clasts
with CM and CI chondrites, respectively. This is particu-
larly true in the case of CI material because of its highly
brecciated nature (Morlok et al., 2006; Alfing et al.,
2019). Oxygen isotope data were obtained for a few CM-
like and CI-like clasts in the literature (Brearley and
Prinz, 1992; Patzek et al., 2018b), which suggests similari-
ties between CM-like clasts and CM chondrites, and differ-
ences between CI-like clasts and CI chondrites. The
investigated CI-like clasts, however, were all from ureilites
and may represent a distinct group of CI-like clasts with
respect to CI-like clasts from other groups of meteorites,
as recently suggested by Patzek et al. (2020). The ratio of
D/H has been determined for a number of C-clasts of both
types from different meteorites (Gounelle et al., 2005;
Patzek et al., 2020). There are, however, significant overlaps
in the D/H ratio among different meteorite groups and also
between CM-like and CI-like clasts, although CI-like clasts
from CR chondrites and ureilites generally exhibit much
larger D excesses (Patzek et al., 2020). Intriguingly, obser-
vations showed that in larger millimeter-sized clasts found
in howardites, CM-like clasts are more abundant than CI-
like C-clasts, whereas the opposite is true for smaller C-
clasts (Zolensky et al., 1996; Gounelle et al., 2003). The
observed size-dependent differences, therefore, suggest that
smaller C-clasts are not fragments of larger bodies dis-
rupted in violent impacts (Zolensky et al., 1996; Gounelle
et al., 2003).

C-clasts in howardites and other meteorites are well-
preserved samples of primitive solar system material. Car-
bonaceous micrometeoroids must have impacted their par-
ent asteroids at relatively low speeds, since the C-clasts are
intact and were not significantly heated (Gounelle et al.,
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
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2003; Rubin and Bottke, 2009). The peak temperature of
both CM-like and CI-like clasts is constrained to lie below
�100 �C from Raman spectroscopy (Visser et al., 2018).
This is in general agreement with the low temperatures
inferred from their mineralogies (Zolensky et al., 1996).
Xenolithic C-clasts, therefore, provide us a unique opportu-
nity to study pristine and primordial solar system solids,
including possible cometary material, which fell onto other
bodies in the early solar system and thus may be distinct
from carbonaceous meteorites, micrometeorites, and inter-
planetary dust particles (IDPs) that fall to Earth today.

Micro C-clasts, micrometeorites, and IDPs – submil-
limeter extraterrestrial materials –likely represent samples
sourced from different parent-body populations and at dif-
ferent times. Given their short residence lifetimes on Earth
(e.g., Prasad et al., 2013; Jull, 2001), micrometeorites are
likely representative samples of submillimeter particles in
the present-day zodiacal cloud at 1 AU, which is predicted
to consist mostly of material from Jupiter-family comets
(Nesvorný et al., 2010). In comparison, micro C-clasts
could be ancient samples that have been implanted into
their intermediary parent asteroids, i.e., the secondary par-
ent bodies on which micro C-clasts resided prior to their
arrival on Earth, billions of years ago (e.g., Gounelle
et al., 2003). Dynamic models predict that submillimeter
dust of both cometary and asteroidal origins could have
been implanted onto Vesta at low speeds (Briani et al.,
2011). However, so far no evidence has been observed to
distinguish between cometary and asteroidal micro C-
clasts in howardites. The lack of two distinct groups led
to the proposal that there is a continuum in the chemical
and mineralogical properties between asteroidal and come-
tary dust (Briani et al., 2011). This proposal is consistent
with the observation that the �10-lm rocky component
of comet Wild 2 consists mainly of high-temperature miner-
als that are commonly found in meteorite samples from
asteroids (Brownlee et al., 2012). In addition, numerical
simulations suggest that C-type and a portion of P- and
D-type asteroids originally formed in the outer solar system
as comets (Levison et al., 2009; Walsh et al., 2011), such
that significant overlap could exist between these asteroids
and comets in their chemical and mineralogical properties.
Based on spectral properties, it has been proposed that
while olivine-rich IDPs are likely to have been sourced from
comets, a large fraction of less olivine-rich IDPs with
diverse mineralogies could represent samples of icy aster-
oids, which are about 60 % of the mass of the main asteroid
belt (Vernazza et al., 2015).

Given their fine-grained and primitive nature, xenolithic
C-clasts may host abundant presolar grains and primitive
organic matter (OM). Presolar grains represent circumstel-
lar materials that were incorporated into the molecular
cloud prior to the formation of the solar system and sur-
vived early solar system processing (Zinner, 2014; Nittler
and Ciesla, 2016). They are characterized by large isotopic
anomalies that represent the nucleosynthetic signatures of
their parent stars. Primitive OM also exhibits large isotopic
anomalies but mainly in the volatile elements, hydrogen
and nitrogen (Messenger et al., 2003; Busemann et al.,
2006). The large D- and 15N-enrichments observed in OM
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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have been ascribed to large isotope fractionation caused by
chemistry occurring at extremely low temperatures in the
interstellar medium (ISM), the parent molecular cloud,
and/or the cold outer regions of the solar protoplanetary
disk (e.g., Alexander et al., 1998; Messenger 2000;
Aikawa et al., 2002). Xenolithic C-clasts in meteorites can
thus help constrain the inventories of presolar materials
in the solar nebula, since some clasts might otherwise not
be represented in the meteorite record (e.g., Nittler et al.,
2019a).

In addition, presolar materials in these clasts can be used
to probe the secondary processes (Huss et al., 2003; Floss
and Haenecour, 2016) that these C-clasts experienced on
their original parent bodies as well as on their intermediary
parent bodies prior to their arrival on Earth. Extensive
in situ surveys of primitive meteorites have shown that
the abundance of presolar grains and the isotopic composi-
tion of OM vary widely among different meteorite groups
and petrologic types, largely reflecting the degree of
secondary processing (e.g., aqueous alteration, thermal
metamorphism) experienced by the host meteorite (Floss
and Haenecour, 2016; Alexander et al., 2007, 2017). In
detail, silicates are the most abundant type of presolar
grains identified in situ in primitive chondrites with a
matrix-normalized abundance of up to �200 ppm in
unequilibrated chondrites (e.g., Floss and Stadermann,
2009; Nittler et al., 2018). Higher abundances of presolar
silicates were observed in anhydrous IDPs of possible
cometary origin collected in the stratosphere (Messenger
et al., 2003; Floss et al., 2006). Compared to anhydrous
IDPs, the reduced presolar silicate abundances observed
in the most primitive chondrites are interpreted as a result
of slight parent body processing (Floss and Haenecour,
2016). Alternatively, it could reflect a heterogeneous distri-
bution of presolar silicates in the protoplanetary
disk � presolar silicates may be more abundant in the
comet-forming region. In addition, significantly lower
abundances of presolar silicates have been observed in
meteorites (CM2, CR2) that experienced aqueous alteration
(e.g., Leitner et al., 2012, 2019; Nittler et al., 2019b). In this
case, the lowered abundances likely resulted from altering
labile presolar silicates or reequilibrating their oxygen iso-
topic compositions by exchange with a fluid (Floss and
Haenecour, 2016).

Another presolar mineral phase, silicon carbide (SiC), is
quite resistant to aqueous alteration but labile to thermal
metamorphism (Huss and Lewis, 1995). An abundance of
�30 ppm presolar SiC has been observed in a number of
CI, CR, and CM meteorites (Davidson et al., 2014a). In
comparison, lower abundances of presolar SiC grains were
found in CO, CV, and ordinary chondrites of high petro-
logic types, likely resulting from oxidation and, in turn,
destruction of SiC at high temperatures because of parent
body thermal metamorphism (Huss and Lewis, 1995; Huss
et al., 2003; Davidson et al., 2014a). Finally, it was shown
that loss of D-rich OM could occur, even if the parent body
experienced a low degree of thermal metamorphism (Nittler
et al., 2018). This is also supported by the fact that insoluble
OM, the most abundant form of primitive OM in CV and
CO chondrites that generally experienced peak temperatures
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above �200 �C (e.g., Bonal et al., 2016), shows smaller D
excesses compared to those from CI, CM, and CR mete-
orites that generally experienced less heating (Alexander
et al., 2007). Thus, the abundances and isotopic composi-
tions of presolar grains and OM in C-clasts from howardites
can be used to trace the degree of secondary processing
experienced by the C-clasts on both their parent bodies
and Vesta. This information can also be used to explore
heterogeneity in the distributions of circumstellar and inter-
stellar materials across the solar system. Here, we present
the first systematic NanoSIMS isotopic investigation
(H, C, N, O, Si) of xenolithic C-clasts from the Kapoeta
howardite at high spatial resolution.

2. METHODS

2.1. Petrologic characterization

We obtained a polished thin section of Kapoeta (USNM
67331) from the Smithsonian Museum. The thin section
was first characterized by using a Tescan Mira3 FEG-
SEM at Washington University in St. Louis. We obtained
�12,000 backscattered electron (BSE) images (50 lm
field-of-view) across the sample, from which we identified
15 C-clasts �50–200 lm in size. The clasts were named in
the format of xxx (column number of the BSE image
mosaic)-yyy (row number). We then acquired energy dis-
persive X-ray maps of these C-clasts for qualitative phase
analyses. The locations of the identified C-clasts and BSE
images of two C-clasts are shown in Fig. 1. Note that we
did not obtain any NanoSIMS data for one of the 15C-
clasts (located on the lower right side of C-clast 060–005
in supplement) and will not discuss it further. However,
since this C-clast belongs to the CM-like type, we will
include it when discussing the ratio of CI- to CM-like C-
clasts in Section 4.1.

2.2. NanoSIMS isotopic imaging

We analyzed 14 of the 15 identified C-clasts by isotopic
imaging with the Cameca NanoSIMS 50 ion microprobe
at Washington University in St. Louis. We adopted the
methods used previously for presolar grain and organic
mapping of meteorite thin sections (Floss and
Stadermann, 2009, 2012). For identifying presolar
carbon- and oxygen-rich grains, we rastered a � 1 pA
focused Cs+ primary ion beam of 16 keV over
10 � 10 lm areas with simultaneous collection of 12C�,
13C�, 16O�, 17O�, and 18O� along with secondary elec-
trons at a spatial resolution of �100–150 nm. Prior to
image acquisition, areas were pre-sputtered for roughly
30 min with a � 100 pA beam to remove the C coat over
12 � 12 lm areas. A hundred sequential 256 � 256 pixel
cycles were acquired on each area for a total acquisition
time of 2 hr. We searched for presolar grains using the
L’image software (from Dr. Larry Nittler, see Nittler
et al., 2018 for details). The L’image software was used
to correct for the deadtime effect of the electron multiplier
counting system, shifts between image frames, and quasi-
simultaneous arrival effects (Slodzian et al., 2014). The
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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Fig. 1. (a) BSE overview image of USNM 67331 thin section from Kapoeta meteorite. Yellow and red circles denote the CM-like and CI-like
C-clasts, respectively, identified in this study. Examples of a CI-like and CM-like C-clast (highlighted by lines with corresponding colors) are
shown in (b) and (c), respectively, in BSE images. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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identified carbon-anomalous grains were further analyzed
for nitrogen and silicon isotopes by acquiring their
12C14N�, 12C15N�, 28Si�, 29Si�, 30Si� ion images in
3 � 3 lm areas.

In addition, we selected three C-clasts that contain
presolar grains for further investigation of their isotopic
compositions of hydrogen, carbon, and nitrogen of OM.
We first rastered a � 1 pA Cs+ beam over 10 � 10 lm
areas with simultaneous collection of 12C�, 13C�,
12C14N�, 12C15N�, and 28Si�, and then a � 3 pA Cs+ beam
over the same areas with simultaneous collection of 1H�

and 2H�. The increased beam current for hydrogen isotope
analyses resulted in a degraded spatial resolution of �200–
250 nm. The analysis time was 4 hr for each area in both
NanoSIMS sessions.

For all measurements, the mass resolving power was
7,000–9,000, sufficient to resolve (<1 % contribution)
potential isobaric interferences (16OH� on 17O�, 13C2

� on
12C14N�, 28SiH� on 29Si�). Carbon, oxygen and nitrogen
isotopes were internally normalized to the average compo-
sition of each image, while H isotopes were normalized to
epoxy infilling cracks in the thin section, which were
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
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assumed to have terrestrial composition. For the nitrogen
and silicon isotope measurements of identified carbon-
anomalous grains, synthetic SiC and Si3N4 were measured
for standardization.

2.3. Auger Electron Spectroscopy

We analyzed the major element compositions of oxygen-
anomalous grains with the PHI 700 Auger nanoprobe at
Washington University in St. Louis, using the established
procedures for presolar silicate grains (Stadermann et al.,
2009; Floss, 2018). We acquired both imaging and spectral
data on each grain at a spatial resolution of �20 nm. For
data reduction, we adopted the previously reported sensitiv-
ity factors for oxygen, magnesium, aluminum, silicon, cal-
cium, and iron that were determined from olivine and
pyroxene standards of various compositions (Stadermann
et al., 2009). The carbon-anomalous grains were not ana-
lyzed with Auger, because three of the four identified grains
were consumed during the NanoSIMS nitrogen and silicon
isotopic characterization, according to their decreasing ion
signals during the analyses.
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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3. RESULTS

3.1. Mineralogy of C-clasts in kapoeta

Fig. 1 shows that the fine-grained xenolithic C-clasts can
be easily distinguished from the coarse-grained anhydrous
components in the howardite host in BSE images. The com-
parison given in Table 1 shows that the clasts from this
study are quite similar mineralogically to those from
Patzek et al. (2018a) mineralogically. According to the
petrology-based-classification scheme of Patzek et al.
(2018a), 13 of the 14 C-clasts belong to CI-like and only
one CM-like C-clast with the former being rich in sulfides
and magnetite and the latter rich in mixed tochilinite-
serpentine phases. In addition, based on the energy disper-
sive X-ray spectroscopy (EDS) data obtained with our
SEM (standards-based eZAF quantification), it suggests
that these C-clasts contain 1–4 wt.% carbon, which is con-
sistent with those reported for CI and CM chondrites
(Pearson et al., 2006; Alexander et al., 2012; Vacher et al.,
2020) and thus supports their classification as CI- and
CM-like materials.

The CM-like clast is �150 lm in size and contains abun-
dant clumps of Fe, S-rich phyllosilicates (Fig. 1c), probably
made of tochilinitie-cronstedtite intergowth (TCI). Its sepa-
ration from the host meteorite is distinct, and no sign of
aqueous alteration is observed in the surrounding howar-
dite silicates. Compared to the CM-like clast, the 13 CI-
like clasts are smaller (<100 lm) and are dominated by a
heterogenous fine-grained matrix free of phyllosilicate
clumps. Out of the 13 CI-like clasts, 12 clasts contain signif-
icant amounts of magnetite grains with various types of
morphologies: (1) framboids with an average crystal size
of �1 mm (Fig. 7a � d), (2) aggregates of anhedral crystals
up to �5 mm in size (Fig. 7e), (3) isolated subhedral crystals
of various size (1–5 mm), and (4) plaquettes �5 mm in size
(see supplement). Additionally, a few CI-like clasts also
contain rare, isolated grains of forsterite (Fo91-99) up to
�10 mm in size (Fig. 7a) and Fe, Ni-sulfide (mostly pyrrho-
tite) 1–5 mm in size (Fig. 7c). In the CI-like clast 039–007,
no magnetite grains are present. Instead, this clast contains
numerous small grains of Ca-carbonates (�5 mm), pent-
landite (1–3 mm), and a fine-grained phyllosilicate-rich
matrix (see supplement). The CI-like clasts are often delim-
ited by surrounding fractures that separate them from their
howardite host.

3.2. Presolar grains

A total area of 15,216 lm2 of fine-grained matrix-like
clast material in all 14 clasts was searched for carbon-
and oxygen-anomalous presolar grains. Presolar oxygen-
rich and carbon-rich grain candidates were first identified
by manual examination of the isotope ratio images and
then confirmed if at least one isotope ratio of carbon or
oxygen was > 5.3r away from the surrounding meteorite
matrix (Hoppe et al., 2015; Leitner et al., 2019). As shown
by Hoppe et al. (2015), the often adopted 4r criterion is not
necessarily sufficient for the identification of presolar
grains, since in addition to counting statistics, variations
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
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in the measured isotope ratios can also be caused by other
factors like topography, local charging or ion bombard-
ment. This way, we identified three oxygen-anomalous
grains and four carbon-anomalous grains (Table 2), and
their corresponding isotopic compositions are summarized
in Tables 3 and 4, respectively. Following the procedure
of Nittler et al. (2018), the isotope ratios were calculated
by including all pixels within the full width at half maxi-
mum of ‘‘sigma” images given in the L’image software. In
the ‘‘sigma” images, each pixel represents the number of
standard deviations its measured isotope ratio is from the
terrestrial ratio. The isotope ratios are reported with 1r
errors in the form of either absolute ratios or delta values,
which are deviations from a standard ratio in per mil and
defined as dR = (Rmeasured/Rstandard � 1) � 1000. The
Rstandard ratios for dD, d12C, d15N, d29Si and d30Si are
D/H, 12C/13C, 15N/14N, 29Si/28Si and 30Si/28Si, respectively.
The grain areas for oxygen-anomalous grains were deter-
mined from the high-resolution secondary electron (SE)
images obtained with the Auger nanoprobe. Since three
of the four carbon-anomalous grains were totally consumed
during the N-Si isotope characterization, we could not
obtain high-resolution SE images of the grains afterwards.
As a result, the sizes of carbon-anomalous grains were
determined from the NanoSIMS secondary ion images,
which likely overestimated the grain sizes because of the
�100–150 nm primary beam size.

3.2.1. Presolar oxygen-rich grains

Our Auger elemental data show that oxygen-anomalous
grains 039-007-1 and 022-005-1 are Mg, Fe-rich silicates
and grain 022–005-2 is an Fe, Al-rich oxide (Fig. 2). Their
oxygen isotopic data are compared to the literature data for
presolar oxides and silicates (presolar grain database,
Hynes and Gyngard, 2009) in Fig. 3. Fig. 3a shows that
presolar oxygen-rich grains have been divided into four
groups based on their oxygen isotopic compositions
(Nittler et al., 1997, 2008). The two presolar silicate grains
from this study show excesses in 17O with close-to-normal
18O/16O ratios (Table 3), consistent with the definition of
Group 1 grains. Group 1 is the major group for both preso-
lar silicate and oxide grains, and is inferred to have origi-
nated from oxygen-rich low-mass (<2.5M�) asymptotic
giant branch (AGB) stars (Nittler et al., 2008). The pro-
posed low-mass AGB stellar origin, however, is challenged
by the large 25Mg excesses recently found in a number of
Group 1 grains (Leitner and Hoppe, 2019); instead, origins
in Type II supernovae (Leitner and Hoppe, 2019) and more
massive stars (Nittler, 2019) have been proposed.

The origin of the O-anomalous oxide 022-005-2, on the
other hand, is more ambiguous. Although this grain exhi-
bits a > 5.3r anomaly in d18O, the enrichment is quite
small, �90‰ (Table 3). The possibility of analytical arti-
facts in causing its 16O depletion can be excluded for the
following reason. All six matrix areas in C-clast 022-005
shown in Fig. 3b were measured automatically in sequence
over 15 hr. The data points for the matrix areas lie perfectly
along a mass-dependent fractionation line with a slope of
0.52 in Fig. 3b, which represents the effect of instrumental
fractionation and/or true intrinsic variations among differ-
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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Table 1
Petrographic characteristics of CM- and CI-like C-clasts from Kapoeta (this study) compared to other C-clasts in HEDs and ureilites (Patzek et al., 2018a).

Clasts Type Size (mm) Magnetites Sulfides Anhydrous silicates Carbonates Comment

HED (this study)

022–005 CM-like 150 � 100 Abundant TCI clumps
024–011 CI-like 100 � 75 Aggregate, isolated Pyrrhotite Forsterite Phyllosilicate-rich lithology
026–004 CI-like 50 � 25 Aggregate, isolated
031–008 CI-like 15 � 15 Framboid Forsterite Magnetites are embayed against howardite pyroxene
032–011 CI-like 60 � 40 Framboid, isolated Phyllosilicate-rich matrix
037–009 CI-like 50 � 25 Isolated Abundant magnetite
039–006 CI-like 50 � 20 Isolated Pyrrhotite
039–007 CI-like 100 � 75 Pentlandite Forsterite Ca-carbonate
042–002 CI-like 50 � 20 Framboid, isolated Pyrrhotite
042–006 CI-like 30 � 30 Framboid, aggregate, isolated
054–002 CI-like 80 � 25 Aggregate, isolated
060–005 CI-like 50 � 40 Aggregate Direct contact with a CM-like clast
092–007 CI-like 50 � 25 Aggregate, isolated, plaquette Abundant magnetite
094–007 CI-like 25 � 10 Isolated
HED (Patzek et al., 2018a)

CM-like <100–5000 Rare Common Chondrules and fragments Ca-carbonate Common TCI
CI-like <100–500 Common Pyrrhotite (rare pentlandite) Rare fragments Rare

Ureilites (Patzek et al., 2018a)
CI-like <100–5000 Common Pyrrhotite (rare pentlandite) Rare fragments Rare

TCI = tochilinite-cronstedtite intergrowth.
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Table 2
C-clasts containing oxygen- and carbon-anomalous grains.

C-clast Type Analyzed area (lm2) Presolar O-rich grains Presolar C-rich grains

No. Areaa (lm2) No. Areab (lm2)

032–007 CI-like 1,047 1 0.114
039–007 CI-like 2,252 1 0.100 1 0.038
042–002 CI-like 486 2 0.430
022–005 CM-like 4,289 2 0.198
Total All C-clasts 15,216 3 0.298 4 0.582

a. The estimated area was based on high-resolution SE images obtained with Auger nanoprobe.
b. The estimated area was based on secondary ion images obtained with NanoSIMS.

Table 3
Oxygen isotopic ratios of O-anomalous grains (1 r errors).

Presolar grains Area (lm2) Type Phase Composition 17O/16O (�10�4) 18O/16O (�10�3)

039-007-1-O 0.100 Group 1 silicate (Mg,Fe)1.5SiO3 5.69 ± 0.17 1.921 ± 0.028
022-005-1-O 0.072 Group 1 silicate (Mg,Fe)1.8SiO3 6.54 ± 0.25 2.049 ± 0.044
022-005-2-O 0.126 Group 1 Al-rich oxide (Al,Fe)2O3 4.17 ± 0.06 2.178 ± 0.014

Table 4
Isotopic compositions of C-anomalous grains (1 r errors).

Presolar grains Area (lm2) Type 12C/13C 14N/15N d29Si (‰) d30Si (‰)

032-007-1-C 0.114 MS 25.3 ± 1.0 467 ± 165 14 ± 25 45 ± 31
039-007-1-C 0.038 MS 48.9 ± 2.4 272 ± 4 �3 ± 22 �32 ± 27
042-002-1-C 0.330 MS 51.6 ± 0.3 1304 ± 137 44 ± 4 66 ± 5
042-002-2-C 0.100 MS 52.7 ± 1.6 271 ± 15 8 ± 10 22 ± 13
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ent matrix areas. Note that all the matrix data were normal-
ized to the composition of the matrix area where grain 022-
005-2 is located. In comparison, grain 022-005-2 deviates
from this slope-0.52 line with equal enrichments in both
17O and 18O. We also further verified the data point by
re-measuring grain 022-005-2 using a 3 � 3 lm2 raster size.
We will consider grain 022-005-2 as a Group 1 oxide (see
discussion in Section 4.2.1).

3.2.2. Presolar carbon-rich grains

Four identified carbon-anomalous grains overlap well
with mainstream (MS) presolar SiC grains from the litera-
ture in the isotope ratios of carbon, nitrogen, and silicon
in Fig. 4 and therefore belong to the group of MS, which
is the dominant population (�90%) of presolar SiC grains
(Zinner, 2014). We were not able to accurately determine
their carbon-to-silicon ratios based on our NanoSIMS
data, because their carbon and silicon isotope ratios were
measured during different analytical sessions (Table 4).
The four grains, however, are inferred to be SiC, given their
enrichments in both carbon and silicon relative to the sur-
rounding matrix in the NanoSIMS ion images. Extensive
multi-element isotopic studies revealed that MS grains orig-
inated in outflows from carbon-rich low-mass AGB stars
(�1.5–3M�) with close-to-solar metallicities (e.g., Liu
et al., 2018a). The carbon and nitrogen isotopic variations
of mainstream grains are thought to be dominantly con-
trolled by stellar nucleosynthesis in their parent stars (see
review by Zinner, 2014 for details). In comparison, their sil-
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
howardite. Geochim. Cosmochim. Acta (2020), https://doi.org/10.1016/j.
icon isotopic variations are mainly affected by Galactic
chemical evolution (GCE) with small contributions from
stellar nucleosynthesis in their parent AGB stars (e.g.,
Zinner, 2014; Liu et al., 2019). GCE describes the process
by which the elemental and isotopic composition of a
galaxy varies in time and place as a result of stellar nucle-
osynthesis and material cycling between stars and the inter-
stellar medium (ISM).

3.2.3. Presolar grain abundances

Given the small sizes of the C-clasts identified in this
study, it is not quite meaningful to calculate presolar grain
abundances for each of the C-clasts because of large statis-
tical uncertainties. Instead, we report the average values for
all 14 C-clasts and also the 13 CI-like clasts that likely
originated from the same parent body (see discussion in
Section 4.1). The identified presolar silicate, oxide, and
SiC grains represent an average abundance of 11�7

+15 ppm,
8�7
+19 ppm, and 38�18

+30 ppm (1r errors), respectively, in the
14 C-clasts in our Kapoeta sample. The values change to
9�8
+21 ppm, <11 ppm, and 53�25

+42 ppm, respectively, if only
the 13 CI-like C-clasts are considered. Since the two sets
of values overlap within 1r uncertainties, we will adopt
the average values for the 14 C-clasts for discussion in the
following sections. The abundances were calculated by
dividing the area occupied by the presolar silicate, oxide
or SiC grains by the total scanned matrix area across all
the 14 C-clasts analyzed. Errors (1r) were calculated by
using the single-sided uncertainties reported by Gehrels
nvestigation of xenolithic carbonaceous clasts from the kapoeta
gca.2020.05.026
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Fig. 2. Upper, middle, and lower panels show SE (left) and Auger elemental (right) images of oxygen-anomalous grain 039-007-1, 022-005-1,
and 022-005-2, respectively. The grains are outlined by yellow dashed lines. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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(1986). The upper limit of 11 ppm for presolar oxides in the
13 CI-like C-clasts was calculated for a 250 nm-sized grain.

3.3. Hydrogen, carbon, and nitrogen isotopic compositions of

OM

We characterized the hydrogen, carbon, and nitrogen
isotopic compositions of organic particles in a total area
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
howardite. Geochim. Cosmochim. Acta (2020), https://doi.org/10.1016/j.g
of �2,000 lm2 of fine-grained matrix-like material in three
CI-like C-clasts: 024–001, 039–006, and 042–002. To char-
acterize organic materials, we used the automatic particle
definition algorithm in the L’image software to define indi-
vidual C-rich region of interests (ROIs) in the carbon ion
images, and calculated the corresponding carbon and nitro-
gen isotopic ratios. We identified 46 carbon and/or
nitrogen-anomalous organic particles (with the four preso-
nvestigation of xenolithic carbonaceous clasts from the kapoeta
ca.2020.05.026
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Fig. 3. (a) Oxygen three-isotope plot comparing the three oxygen-anomalous grains identified in this study with the presolar oxides and
silicates reported in the literature (data source: presolar grain database, Hynes and Gyngard 2009). The group classification (black lines) is
based on Nittler et al. (1997, 2008). The terrestrial ratios are shown as dashed lines. (b) Oxygen three-isotope plot in delta notation comparing
oxygen-anomalous grain 022-005-2 with matrices in C-clast 022-005 and 16O-poor solar objects reported in the literature. Plotted are 1r
errors.

Fig. 4. Plots of (a) nitrogen versus carbon isotopes and (b) silicon three-isotopes comparing four carbon-anomalous grains identified in this
study with presolar MS grains reported in the literature (data source: presolar grain database, Hynes and Gyngard, 2009). The dashed lines,
unless noted, are terrestrial values. Plotted are 1r errors.
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lar SiC grains being excluded) with > 5.3r anomalies in at
least one of the carbon and nitrogen isotope ratios. The
total area of the 46 organic particles corresponds to
0.38 % of the analyzed area. The data are summarized in
Table 5 and compared to those of isotopically anomalous
organic particles from Dominion Range (DOM) 08006
(CO3.0, Davidson et al., 2019) and Queen Alexandra
Range (QUE) 99177 (CR2) in Fig. 5a. We only chose the
data for these two primitive meteorites in the literature,
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
howardite. Geochim. Cosmochim. Acta (2020), https://doi.org/10.1016/j.
because both the methodologies and dataset sizes are simi-
lar to those in this study. Note that although QUE 99177 is

officially classified as CR2 (https://www.lpi.usra.edu/me-

teor/metbull.php?code=21628), several recent studies sug-
gest that QUE 99177 is one of the most primitive CR
chondrites (e.g., Floss and Stadermann, 2009) and should
be classified as CR3 (Abreu and Brearley, 2010). Most of
the organic particles from this study exhibit anomalies in
d15N, mainly in the form of 15N excesses, with small carbon
nvestigation of xenolithic carbonaceous clasts from the kapoeta
gca.2020.05.026
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Table 5
Isotopic compositions of isotopically anomalous OM (1r errors).

OM particle Area (lm2) d13C (‰) d15N (‰)

024-011@A1-1-01 0.119 11 ± 14 �171 ± 31
024-011@A1-1-02 0.085 36 ± 17 300 ± 40
024-011@A1-1-04 0.079 13 ± 26 �243 ± 48
024-011@A1-1-10 0.076 �37 ± 30 535 ± 67
024-011@A1-1-14 0.085 �107 ± 60 �448 ± 54
024-011@A1-4-02 0.136 55 ± 18 467 ± 29
024-011@A1-5-06 0.203 �7 ± 17 153 ± 24
024-011@A2-1-03 0.104 0 ± 26 848 ± 70
024-011@A2-1-09 0.105 6 ± 35 326 ± 65
024-011@A2-1-15 0.101 �35 ± 42 340 ± 50
024-011@A2-1-18 0.072 �247 ± 8 �125 ± 10
024-011@A2-2-01 0.169 26 ± 26 219 ± 38
024-011@A2-3-15 0.191 85 ± 14 249 ± 22
024-011@A2-3-62 0.214 35 ± 17 149 ± 23
024-011@A2-3-72 0.403 �21 ± 15 143 ± 19
024-011@A2-3-74 0.253 11 ± 19 164 ± 24
024-011@A2-3-78 0.301 5 ± 17 195 ± 22
024-011@A2-3-83 0.322 0 ± 17 163 ± 24
039-006@-1-008 0.13 �5 ± 19 314 ± 38
039-006@-1-006 0.119 �26 ± 14 �122 ± 21
039-006@-1-015 0.094 �58 ± 26 302 ± 50
039-006@-1-026 0.072 �65 ± 21 �216 ± 30
039-006@-1-302 0.15 59 ± 47 439 ± 57
039-006@-4-04 0.136 14 ± 8 105 ± 13
039-006@-4-07 0.112 23 ± 10 149 ± 18
039-006@-5-01 0.14 29 ± 16 623 ± 27
039-006@-5-02 0.52 73 ± 9 709 ± 18
039-006@-5-04 0.16 62 ± 16 821 ± 31
039-006@-5-07 0.13 20 ± 19 485 ± 30
039-006@-5-10 0.08 33 ± 25 405 ± 48
042-002@-1-01 0.145 37 ± 10 101 ± 16
042-002@-1-19 0.157 �82 ± 16 28 ± 35
042-002@-2-04 0.125 �6 ± 12 232 ± 35
042-002@-2-15 0.082 �116 ± 19 305 ± 28
042-002@-3-24 0.204 10 ± 11 202 ± 17
042-002@-3-25 0.625 1 ± 6 163 ± 10
042-002@-3-28 0.16 41 ± 13 171 ± 19
042-002@-3-40 0.259 1 ± 13 134 ± 21
042-002@-4-18 0.105 �33 ± 26 �379 ± 11
042-002@-4-49 0.125 �49 ± 20 186 ± 36
042-002@-5-008 0.359 �3 ± 8 77 ± 14
042-002@-5-009 0.211 40 ± 11 383 ± 17
042-002@-5-019 0.211 16 ± 12 177 ± 21
042-002@-5-058 0.059 �26 ± 32 494 ± 60
042-002@-5-179 0.15 9 ± 41 �256 ± 46
042-002@-5-208 0.182 �78 ± 51 �418 ± 61
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isotopic anomalies (within ±�100‰ of the solar ratio). The
carbon and nitrogen isotope ratios of organic particles from
the Kapoeta C-clasts overlap well with those from the
DOM 08006 chondrite in Fig. 5a. On the other hand, a
number of organic particles from the QUE 99177 chondrite
show d15N values above 1000‰ accompanied by 13C deple-
tions, which are not seen in any of the organic particles
from either the Kapoeta C-clasts or DOM 08006.

The bulk dD composition varies between 0 and 816 ‰
among the 20 matrix areas in the three C-clasts with an
average of 274 ± 183 ‰ (1r standard deviation), consistent
with those previously reported for CI-like C-clasts from
HED meteorites (Gounelle et al., 2005; Patzek et al.,
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
howardite. Geochim. Cosmochim. Acta (2020), https://doi.org/10.1016/j.g
2020). We attempted to collect correlated hydrogen isotope
data in the same areas. However, it was difficult to align the
carbon and nitrogen ion images with the hydrogen ion
images using the SE images obtained with the NanoSIMS
in the two sessions. We, therefore, separately report the
hydrogen isotope data for H-rich organic particles identi-
fied by the automatic particle definition algorithm in
Fig. 5b. We identified 66 D hotspots based on the > 5.3r
criterion, and most of the hotspots are submicron in size
as shown in Figs. 5b and 6a. In a few cases, the D-rich
organic particles appear as more diffuse regions (Fig. 6b),
which may be the result of fluid action that redistributed
OM (and the associated D enrichments), as previously sug-
gested for similar large diffusion regions with 15N enrich-
ments in primitive CR3 chondrites (Floss et al., 2014).
The total area of the identified isotopically anomalous
organic particles corresponds to 2.0 % of the analyzed area.
4. DISCUSSION

4.1. Origins of C-clasts in kapoeta

Intriguingly, we, for the first time, observed in C-clast
031-008 (Fig. 7a-b) that magnetite framboids are embayed
against a Fe-rich pyroxene (Fig. 7b), a common howardite
mineral. Framboidal magnetites are secondary aqueous
alteration products that are commonly found in aqueously
altered chondrites (Kerridge et al., 1979). We observed
extensive development of magnetite aggregates along the
edge of the C-clast with a preferred orientation along the
intruding host minerals (Fig. 7a-b). The majority of the
magnetite aggregates are irregularly shaped and consist of
numerous, tightly packed sub-lm single crystals. We also
observed in C-clast 042-002 that a magnetite grain formed
between its fine-grained matrix and a pigeonite grain (a
howardite mineral, Fig. 7c-d). Given the apparent commu-
nication between the magnetites and the howardite host, we
propose that aqueous alteration in these two C-clasts
occurred after they were trapped in the regolith on Vesta,
resulting in the formation of the magnetites in the C-
clasts embayed with the coarse-grained host howardite min-
erals. In C-clast 024-011 (Fig. 7e-f), augite grains in the host
howardite show irregular boundaries at contact with a
phyllosilicate-rich matrix within the CI-like C-clast, indicat-
ing that the host howardite was altered by fluid from the
clast. The fluid likely originated from melting of ice embed-
ded in C-clast 024-011 as a result of its impact onto Vesta.
Note that although dehydration of phyllosilicates can also
release OH� that may act in the same way as fluids to acti-
vate the aqueous alteration process, this dehydration occurs
at temperatures above 400 �C (Garenne et al., 2014), which
is much higher than those inferred from both Visser et al.
(2018) and this study (see Section 4.2.3). Our observations
above suggest that the three C-clasts contained ice mixed
with fine-grained matrix-like material prior to their arrival
at Vesta. This implies an ice-bearing parent body for the
C-clasts in our study. This ice-bearing parent body could
be a comet or an icy asteroid, given that Vesta is predicted
to receive similar amounts of micro C-clasts from carbona-
ceous asteroids and comets (Briani et al., 2011).
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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Fig. 5. (a) Nitrogen versus carbon isotope ratios of organic particles that have > 5.3r anomalies in one or both of the isotope ratios from this
study (blue circles), compared to literature data (Floss and Stadermann 2009; Nittler et al., 2018). (b) Hydrogen isotope ratio versus the grain
areas of organic particles that have > 5.3r anomalies in dD. Small black cross marks are identified organic particles whose isotopic data do
not meet our criteria for being considered anomalous (see text).

Fig. 6. dD maps of two 10 � 10 lm areas in C-clast 024-011. The D hotspots are highlighted by white dashed lines. The values in the scale are
per mil.
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The micro C-clasts discussed here could have experi-
enced an earlier stage of aqueous alteration on their origi-
nal parent body. Radiometric dating of aqueously formed
minerals using the 53Mn-53Cr system (t1/2 = 3.7 Myr) is
needed to identify the timing of different stages of aqueous
alteration. Using the 53Mn-53Cr chronometer, previous
studies found that aqueous alteration occurred on the par-
ent bodies of CI, CM, and CR chondrites within the first
�10 Myr after calcium-aluminum-rich inclusion (CAI) for-
mation (Endress et al., 1996; Hoppe et al., 2010; Petitat
et al., 2011; Fujiya et al., 2012; Jilly-Rehak et al., 2014,
2017). Since micro C-clasts in howardites likely arrived at
Vesta more than 1 Gyr after CAI formation (see discussion
in Section 4.2.3), very young 53Mn-53Cr ages in secondary
minerals in these micro C-clasts, compared to ages mea-
sured in carbonaceous chondrites, would be evidence for
in situ aqueous alteration on Vesta from the melting of
embedded water ice.
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
howardite. Geochim. Cosmochim. Acta (2020), https://doi.org/10.1016/j.
Our mineralogical characterization suggests that all of
the clasts, at least the 13 CI-like C-clasts, were fragments
from a single parent body and were delivered to Vesta at
one time (Fig. 1a). Almost all the CI-like C-clast in our
Kapoeta thin section share a similar mineralogy, character-
ized by similar sizes (<100 mm) and high abundances of
magnetite and isolated grains of pyrrhotite (Table 1). Their
mineralogies are similar to those of the CI-like clasts in
HEDs previously reported by Patzek et al. (2018a, 2020)
(see Table 1). Moreover, the localized distribution of the
C-clasts across one edge of the sample (Fig. 1a) may indi-
cate that all the 14 C-clasts were trapped in Vesta’s regolith
over a short period of time. This is also supported by the
high ratio (6.5 by including the CM-like clast that was
not analyzed by NanoSIMS) of CI-like to CM-like micro-
clasts found in this study, in contrast to the ratios (0.4–
1.4) previously reported for howardites (Gounelle et al.,
2003). In the following sections, we will assume that the
nvestigation of xenolithic carbonaceous clasts from the kapoeta
gca.2020.05.026
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Fig. 7. (a) BSE image of CI-like C-clast 031-008 outlined by a yellow solid line. (b) A close-up of the area outlined by a blue dashed line in (a).
Panels (c) and (d) show another CI-like C-clast, 042-002. (e) BSE image of CI-like C-clast 024-011 containing a highly altered lithology
characterized by a phyllosilicate-rich matrix (outlined by a blue dashed line). (f) A close-up of the edge of the C-clast 024-011 from (e) showing
partial dissolution of a few augite grains adjacent to the phyllosilicate-rich matrix outlined in (e) (highlighted by red arrows in panel f). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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13 CI-like C-clasts were derived from a single parent body.
Note that despite their different mineralogies, the CM-like
C-clast could have also originated from the same parent
body as the 13 CI-like C-clasts. Recent OSIRIS-REx
images of asteroid Bennu revealed highly variable albedos
across narrow local regions, which could reflect large com-
positional heterogeneities across a single asteroid
(DellaGiustina et al., 2019). Finally, it is worth mentioning
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
howardite. Geochim. Cosmochim. Acta (2020), https://doi.org/10.1016/j.g
that the genetic linkage between CI-like clasts and CI chon-
drites is still ambiguous because of the lack of bulk oxygen
isotopic data. Patzek et al. (2018b) reported some prelimi-
nary oxygen isotope data for a few CM-like and CI-like
clasts: in the oxygen three-isotope plot, the data for CM-
like C-clasts and CM chondrites overlap, whereas the data
for CI-like C-clast and CI chondrites fall along two lines
with different slopes. However, given their distinctive D/H
nvestigation of xenolithic carbonaceous clasts from the kapoeta
ca.2020.05.026
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ratios (Patzek et al., 2020), CI-like clasts from ureilites like
those studied by Patzek et al. (2018b) are probably not rep-
resentative of CI-like clasts from other groups of mete-
orites. More importantly, based on mineralogical
characterization, Alfing et al. (2019) pointed out that CI
meteorites are highly brecciated and contain CI-like clasts
with different mineralogies. This observation consequently
suggests that a minimum mass (greater than at least several
grams, e.g., Morlok et al., 2006) of CI material is needed for
representative chemical and isotopic analyses, which is not
feasible in the case of micro C-clasts.

4.2. Secondary processing experienced by C-clasts

4.2.1. Origin of oxygen-anomalous grain 022-005-2

The 16O-poor composition of grain 022-005-2
(d17O = 90 ± 16‰, d18O = 86 ± 7‰) has been seen in a
few other solar system objects, including cosmic symplectite
(COS) and sodium-rich sulfates in a cometary-like carbon-
rich inclusion in a CR chondrite. These objects have been
linked to an 16O-poor primordial water reservoir in the
early solar system (Sakamoto et al., 2007; Nittler et al.,
2019a). However, grain 022-005-2 is an Al-rich oxide ((Al,
Fe)2O3) and likely formed at high temperatures. It is, there-
fore, highly unlikely that its 16O-depletion is caused by iso-
topic exchange with this 16O-poor primordial water
reservoir, especially given that such 16O-depletion has never
been observed in minerals located within CAIs that formed
at high temperatures in the protoplanetary disk (Krot,
2019). Instead, the 17,18O-excesses can be explained if grain
022-005-2 originated from a low-mass AGB star with
higher-than-solar metallicity. This is because the initial iso-
topic and elemental composition of a star is determined by
the GCE. The GCE effect on oxygen isotopes is expected to
increase 17O/16O and 18O/16O ratios in the Galaxy along a
slope-one line over time, because 16O is considered to be
primary and 17,18O are secondary (Clayton, 1988; Timmes
and Clayton, 1996). Note that primary isotopes are isotopes
that can be made in the first generation of stars, and sec-
ondary isotopes are those that cannot be made in the first
generation of stars. As a result, stars of higher metallicity
are expected to have higher initial 17O/16O and 18O/16O
ratios than stars of lower metallicity. Thus, we consider
grain 022-005-2 as a Group 1 oxide.

4.2.2. Aqueous alteration

The low presolar silicate abundance in the C-clasts in
Kapoeta is consistent with the high degree of aqueous alter-
ation inferred from their mineralogies (Section 3.1). Exten-
sive surveys of presolar silicate abundances in different
classes of meteorites have shown that presolar silicates are
fragile and easily affected by secondary processing, such
that they can be used as a tool to investigate nebular and
parent-body processes in the early solar nebula (Floss and
Haenecour, 2016). We compare our data with the literature
data for presolar silicate abundances in a wide range of
extraterrestrial materials in Fig. 8. Because of the large sta-
tistical uncertainties in each CR2 chondrite reported in
Leitner et al. (2016), we report the average in Fig. 8 for
comparison. The data points in the blue region represent
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
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the presolar silicate abundances in the most primitive
extraterrestrial materials, including IDPs and several
CO3.0 chondrites (Floss et al., 2006; Busemann et al.,
2009; Nguyen et al., 2010; Haenecour et al., 2018; Nittler
et al., 2018). In addition, the data for fine-grained chon-
drule rims in CO3.0, CR2, and CM2 chondrites are shown
for comparison in the yellow region in Fig. 8. The destruc-
tion of presolar silicates by aqueous alteration is seen in
fine-grained rims around chondrules in CO3.0 LAP
031117 (Fig. 8). The lowered presolar silicate abundance
is ascribed to localized aqueous alteration in rims compared
to the surrounding fine-grained matrix (Haenecour et al.,
2018). Aqueous alteration seems less effective in reducing
the number of presolar silicates in fine-grained chondrule
rims in CR2 chondrites than in CM2 chondrites (Leitner
et al., 2019), likely implying that the parent body of CR2s
experienced milder aqueous alteration than the CM2 parent
body. This explanation is supported by the classification of
CM and CR chondrites using bulk abundances and isotopic
compositions of hydrogen, carbon, and nitrogen by
Alexander et al. (2013), in which CM2 chondrites are all
classified as 1.1–1.9 (Murray, Yamato 791198, and Murch-
ison classified as 1.5, 1.5, and 1.6, respectively) and CR2
chondrites all 2.0–2.6. As pointed out by Leitner et al.
(2019), this explanation of the discrepancy between CM
and CR chondrites seems to be challenged by the low preso-
lar silicate abundances observed in Maribo and Paris
(Leitner et al., 2019; Verdier-Paoletti et al., 2020), which
are believed to be the least altered CMs (Haack et al.,
2012; Hewins et al., 2014; Marrocchi et al., 2014; van
Kooten et al., 2018). The current classification of the petro-
logic subtypes of Maribo (CM2.6, van Kooten et al., 2018)
and Paris (CM2.7–2.9, Rubin, 2015), however, is based on
the Rubin scale (Rubin et al., 2007), which classifies Murch-
ison as CM2.5 and Murray CM2.4 for example, in contrast
to the classification of 1.6 and 1.5, respectively, by
Alexander et al. (2013). The recent bulk hydrogen data
reported by Vacher et al. (2020) suggest that Maribo and
Paris should be classified as CM1.9 and CM2.0–2.2, respec-
tively, based on the scale given by Alexander et al. (2013).
Note that the derived petrological scales for Maribo and
Paris here should be considered as upper limits, because
the bulk hydrogen contents by Vacher et al. (2020) are gen-
erally lower than those by Alexander et al. (2013), which is
likely caused by degassing of their samples at higher tem-
peratures in the former study. Thus, CM chondrites do
appear to have generally experienced higher degrees of
aqueous alteration than CR chondrites. In conclusion, the
comparison in Fig. 8 strongly indicates that the C-clasts
in Kapoeta from this study experienced high degrees of
aqueous alteration (petrologic type of <�2.0), which is,
therefore, consistent with their classification as CI-like
and CM-like based on their mineralogy, petrology, and car-
bon contents (Section 3.1).

The low presolar silicate abundance in Kapoeta C-clasts
from this study agrees well with those inferred for xeno-
lithic C-clasts in three metal-rich CB and CH chondrites
(Leitner et al., 2018) but lower than the abundance in
Antarctic micrometeorites (Yada et al., 2008), as shown
in Fig. 8. Both xenolithic C-clasts and Antarctic microme-
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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Fig. 8. Presolar silicate abundances in IDPs, meteorites, Antarctic micrometeorites, and xenolithic C-clasts. Plotted are 1r errors. Note that
the data in the yellow region are for fine-grained chondrule rims. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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teorites are believed to originate from small debris dust
formed by both asteroid collisions and comets (Nevorný
et al., 2010; Briani et al., 2011). The difference is that xeno-
lithic C-clasts are micrometeorites that landed onto the par-
ent bodies of their host meteorites in the asteroid belt, while
Antarctic micrometeorites are those that fall onto Earth in
the present day. Indeed, xenolithic C-clasts and Antarctic
micrometeorites are comparable in size and are dominantly
composed of carbonaceous chondritic materials, which sup-
port their common origin(s). However, there are also a
number of differences between xenolithic C-clasts and
Antarctic micrometeorites. For instance, almost all xeno-
lithic C-clasts can be divided into highly aqueously altered
CI-like and CM-like carbonaceous materials with very few
exceptions (Patzek et al., 2018a); in comparison, only �60%
of Antarctic micrometeorites are related to carbonaceous
chondrites according to their mineralogy and petrology
Please cite this article in press as: Liu N., et al. NanoSIMS isotopic i
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(Imae et al., 2013). Moreover, the carbonaceous-chondrite
like Antarctic micrometeorites are more diverse than C-
clasts: they show similarities to CM2, CR2, CV3.2, and
CO3.0 (Imae et al., 2013). The higher presolar silicate abun-
dance reported for Antarctic micrometeorites (Yada et al
2008), therefore, can be explained by the average lower
degrees of aqueous alteration that Antarctic micromete-
orites experienced, in comparison to the hydrated xenolithic
C-clasts from Leitner et al. (2018) and this study. The dif-
ferent degrees of aqueous alteration experienced by
micro-C-clasts and micrometeorites can be explained if (1)
they had different origins (e.g., asteroids, comets), (2) their
parent bodies were located at different heliocentric dis-
tances in the solar system (e.g., asteroid belt objects, Kuiper
belt objects), (3) they were delivered onto Vesta and Earth
at different times (e.g., varying meteoritic flux over time,
e.g., Heck et al., 2017), and/or (4) hydrated xenolithic C-
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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clasts are better preserved than other types of impacting
materials on their intermediary parent bodies in the aster-
oid belt.

4.2.3. Thermal history

The presolar SiC and oxide abundances in the C-clasts
in Kapoeta are consistent with the low amounts of heat
experienced by C-clasts in other howardites inferred from
Raman spectral measurements by Visser et al. (2018). The
trend of decreasing presolar SiC abundance with increasing
petrologic type observed in unequilibrated ordinary chon-
drites based on noble gas data (Huss and Lewis, 1995)
demonstrated that within a meteorite class, the abundance
of presolar SiC grains is primarily controlled by the degree
of thermal metamorphism. The fact that the SiC abundance
declines sharply for petrologic types > 3.6 further indicates
that SiC is destroyed at temperatures above �400–500 �C,
the highest temperatures experienced by ordinary chon-
drites of petrologic type 3.6 (e.g., Cody et al., 2008;
Dobrică and Brearley, 2014). The variation of presolar
SiC abundances among different meteorite groups based
on the bulk noble gas data, is also strongly supported by
recent high-resolution NanoSIMS imaging investigation
of presolar SiC grains (Davidson et al., 2014a), in which
the authors reported an average abundance of �30 ppm
presolar SiC in primitive meteorites of petrologic type 3.0,
CR2, and CM2 meteorites. Most of type 3.0, CM2 and
CR2 chondrites experienced peak temperatures below
�200 �C (e.g., Brearley, 2006; Cody et al., 2008; Craig
and Sears, 2009), although short-duration thermal meta-
morphism, presumably controlled by shocks or solar heat-
ing, has been reported (Nakato et al., 2008; Tonui et al.,
2014; Vacher et al., 2018, 2019). On the other hand,
Davidson et al. (2014a) observed that the presolar SiC

abundance is significantly reduced (5þ4
�2 ppm) in the Roberts

Massif (RBT) 04133 CV3.4 chondrite that experienced ther-
mal metamorphism at �440 �C on its parent body
(Davidson et al., 2014b). This observation is consistent with
the conclusion based on noble gas data that SiC is
destroyed at temperatures above �400–500 �C. Fig. 9
shows that within 1r errors the average presolar SiC abun-
dance for the C-clasts in Kapoeta from this study is consis-
tent with the �30 ppm average given by Davidson et al.
(2014a). In addition, the inferred presolar oxide abundance
for the C-clasts from this study, �8 ppm, is also consistent
with those observed in minimally heated primitive mete-
orites within uncertainties (Nguyen et al., 2010;
Haenecour et al., 2018; Leitner et al., 2019).

Moreover, the preservation of D hotspots in the C-clasts
in Kapoeta further indicates that the peak temperature
experienced by these C-clasts is quite low. Nittler et al.
(2018) observed a lack of D-rich organic moieties in the
matrix of the CO3.0 chondrite DOM 08006 and concluded
that the very limited amount of thermal metamorphism
experienced by DOM 08006 caused the loss of D-rich
OM. In comparison, we observed abundant D-rich hot-
spots in the three C-clasts we analyzed (Fig. 5b, 6), similar
to those observed in the fine-grained matrices of CM and
CR meteorites by Busemann et al. (2006). In conclusion,
comparison of the C-clasts from this study with meteorites
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of different petrologic types for their inventories of presolar
grains and OM constrains the peak temperature experi-
enced by the C-clasts to lie below �200 �C for a long dura-
tion (on the order of millions of years following parent
body accretion, e.g., Brearley and Jones, 1998), thus pro-
viding further support to the low temperatures inferred
from previous Raman observations (Visser et al., 2018).
Note that neither the Raman observations by Visser et al.
(2018) nor the observations of presolar grains and isotopi-
cally anomalous OM from this study can exclude the possi-
bility of flash heating to higher temperatures by shocks or
solar heating experienced by xenolithic C-clasts. These C-
clasts could have experienced flash heating to below 800 �
C, since the recent laboratory experiments by Riebe et al.
(2020) suggest that D hotspots in insoluble OM could par-
tially survive if the temperature lies below 800 �C and lasts
for only 1 s. On the other hand, the < �200 �C constraint
for a long duration, is consistent with the implication of
the flash heating experiments by Riebe et al. (2020) if we
translate the flash heating results to extended parent-body
alteration by using the kinetic data from Cody et al.
(2008) – heating above 115 �C for 107 yr would completely
erase D hotspots in meteoritic OM.

Radiometric dating of HED meteorites using 40Ar-39Ar
isotope systematics suggests that a single, large impact
event occurred 4.48 Gyr ago and frequent energetic impact
events occurred 3.4–4.1 Gyr ago, which produced signifi-
cant amounts of heat to reset the Ar-Ar isotopic system
(e.g., Rajan et al., 1978; Cohen 2013). The latter events
occurred contemporaneously with the late heavy bombard-
ment (Marchi et al., 2012a). It was, therefore, suggested
that there was a dynamically unusual episode of bombard-
ment in the inner solar system beginning at around 4.0 Gyr
ago. Rajan et al. (1978) pointed out that more than 65% Ar
loss in howardites occurs at 600–700 �C for 0.1 yr and 400–
500 �C for 10 yr. The constrained low temperatures experi-
enced by the C-clasts in the Kapoeta howardite as well as
C-clasts in other groups of meteorites (Visser et al., 2018),
therefore, imply that the C-clasts are likely to have been
trapped in the regolith after the disappearance of these
impact events. The inferred low temperatures are supported
by the fact that heating primitive insoluble OM above
800 �C for 1 s completely erases D hotspots in insoluble
OM (Riebe et al., 2020), in contrast to our observation of
abundant D hotspots across the C-clasts from this study.
Alternatively, the C-clasts could have been added onto
Vestoids instead of Vesta itself, which are believed to be
intermediary parent bodies of HED meteorites and proba-
bly formed about 1 Gyr ago, according to both dynamical
simulations and Dawn results (Marzari et al., 1996;
Nesvorný et al., 2008; Marchi et al., 2012b). Thus, the tem-
perature constraint suggests that the C-clasts arrived at
Vesta rather late, probably after �3.5 Gyr ago.

4.3. Distribution of Circumstellar and Interstellar Materials

in the Early Solar System

The results from this study support the presence of a
rather homogeneous mixture of presolar grains and OM
across the solar system. Fig. 9 shows that the presolar
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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Fig. 9. Presolar SiC abundances in meteorites, Antarctic micrometeorites, and xenolithic C-clasts. The dashed line represents the CI-like
presolar SiC abundance, 30 ppm, seen across different classes of primitive meteorites that have not undergone extensive parent body alteration
(Davidson et al., 2014a). Plotted are 1r errors. Note that the CM2 data from Leitner et al. (2019) were collected on fine-grained chondrule
rims.
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SiC abundance in the Kapoeta C-clasts is consistent with
those of C-clasts in CR meteorites, micrometeorites and
primitive meteorites that did not experience significant
heating, and also agrees with the �30 ppm average abun-
dance given by Davidson et al. (2014a). In contrast, it has
been suggested that both Antarctic micrometeorites (Yada
et al., 2008; Floss and Haenecour, 2016) and IDPs (Floss
et al., 2011) host a higher fraction of Group 4 presolar
silicates that likely originated from Type II supernovae.
This discrepancy could be resolved if the higher fraction
of presolar supernova silicates in Antarctic micrometeorites
and IDPs were caused by preservation of the isotopic
heterogeneity of the parent cloud during infall and subse-
quent mixing and processing within the protoplanetary
disk, as proposed by Burkhardt et al. (2019). Specifically,
the Burkhardt et al. model suggests two periods of infall
with the former rich in r-process material (and possibly of
supernova origin) and the latter depleted of this r-process
material; and the early infalling material transported out-
wards with the late infalling material being the dominant
component in the inner part of the disk. As a result, this
model predicts less supernova material and in turn less
presolar supernova dust in the inner disk. Note that preso-
lar supernova grains only account for a small population of
presolar grains of various phases, � 5% by including X,
AB1 and AB2 grains for presolar SiC grains (Nittler
et al., 1996; Liu et al., 2016, 2018b,c; Hoppe et al., 2019),
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and up to 30 % by including Group 4 grains and Group
1 grains with large 25Mg excesses for presolar silicates
(Nittler et al., 2008; Nguyen and Messenger, 2014; Leitner
and Hoppe 2019). As a result, the heterogeneous distribu-
tion of presolar supernova materials would not significantly
affect the homogeneous distribution of the dominant preso-
lar materials from other stellar sources.

If the above scenario holds true, it implies that Antarctic
micrometeorites and IDPs should also contain higher abun-
dances of presolar supernova SiC grains than primitive
meteorites. However, this is difficult to test, given the small
sizes of micrometeorites, in addition to the low abundances
of presolar SiC grains (up to 30 ppm) and the small popu-
lation of presolar supernova SiC grains (up to �5%). One
hint that may support this scenario is that a lower abun-
dance of presolar supernova SiC grains was found in the
acid residue of Qingzhen (EH3) (Lin et al., 2002), implying
a heterogeneous distribution of presolar supernova materi-
als across the solar system. Enstatite meteorites likely
formed in the inner solar system, because their major con-
stituents formed under highly reducing conditions (Ebel
and Alexander, 2011), while Antarctic micrometeorites
originated either from the outer solar system (if they are
cometary) or the outer asteroid belt (if they are derived
from C-type asteroids) (Engrand and Maurette, 1998;
Nevorný et al., 2010). As a result, taking all the clues
together suggests decreasing abundances of presolar super-
nvestigation of xenolithic carbonaceous clasts from the kapoeta
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nova materials with decreasing heliocentric distance, thus
supporting the Burkhardt et al. model (Burkhardt et al.,
2019). As pointed out by Burkhardt et al. (2019), this
hypothesis provides a coherent explanation of the isotopic
dichotomy observed between non-carbonaceous-
chondrite-like and carbonaceous-chondrite-like meteorites
(Dauphas et al., 2004; Carlson et al., 2007; Fischer-Gödde
et al., 2015; Budde et al., 2016, 2019; Burkhardt et al.,
2016, 2019).

Finally, the homogeneous distribution of circumstellar
and interstellar materials across the solar system is further
supported by the consistent carbon and nitrogen isotopic
compositions of OM from both the Kapoeta C-clasts and
CO3.0 DOM 08006 (Fig. 5a). Our observation here is also
consistent with the previous suggestion that all chondrites
probably accreted a common organic component
(Alexander et al., 2007, 2012). The ISM, molecular cloud,
and the outer regions of the protoplanetary disk have been
proposed as the origins of OM with large D and 15N
excesses, because the observed enrichments in the heavy iso-
topes of hydrogen and nitrogen are likely caused by isotope
fractionation that occurred at extremely low temperatures.
A fraction of the OM likely has an ISM origin, because the
infrared and ultraviolet spectra of meteoritic insoluble OM
are similar to those of refractory organics in the ISM
(Pendleton et al., 1994; Cody and Alexander, 2005). On
the other hand, in comparison to QUE 99177, the missing
OM component with large 15N-excesses (>�1000‰) and
13C-depletions in the Kapoeta C-clasts and DOM 08006
is likely the result of parent-body processing, as previously
suggested by Nittler et al. (2018). This suggestion is further
supported by the fact that both xenolithic CI-like C-clasts
in CR chondrites and CR chondrites themselves show lar-
ger D excesses, compared to other classes of meteorites
and their embedded xenolithic C-clasts (Patzek et al.,
2020). Note that the proposal of a common organic origin
has been challenged by contrastingly different hydrogen
and nitrogen isotopic compositions and their responses to
varying temperatures between carbonaceous and ordinary
chondrites (Alexander et al., 2007, 2010; Remusat et al.,
2016). If the observed differences indeed correspond to orig-
inal differences, it consequently points to a protosolar neb-
ula with an evolving organic content as suggested by
Remusat et al. (2016). However, as noted by Alexander
et al. (2017), the responses of OM to different metamorphic
conditions currently are not well understood and thus
remain to be tested to see if it provides a coherent explana-
tion to the differences observed between the two groups of
chondrites. Finally, it is worth mentioning that the ratios of
insoluble OM to circumstellar grains are quite consistent in
the most primitive chondrites of each group (Alexander,
2005; Davidson et al., 2014a), in good agreement with a
common OM precursor.

5. CONCLUSIONS

In this work, we studied xenolithic C-clasts in the Kapo-
eta howardite for their petrologic and isotopic composi-
tions using SEM and NanoSIMS, respectively. We
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conclude that the identified 14 C-clasts, at least the 13 CI-
like clasts, came from a single ice-bearing parent body,
either an icy asteroid or a comet, originating from the outer
solar system. This conclusion is based on the observations
of (1) magnetites embayed between C-clasts and the
howardite host minerals, (2) localized distribution of all
the C-clasts, and (3) an unusually high ratio of CI-like to
CM-like C-clasts. Our investigation of presolar grains and
isotopically anomalous OM in the C-clasts supports their
genetic linkage to carbonaceous chondrites that experi-
enced high degrees of aqueous alteration and low amounts
of heating. The inferred low degree of thermal metamor-
phism experienced by the C-clasts further suggests their late
arrival at Vesta or Vestoids at low speeds after the late
heavy bombardment occured in the inner solar system.
Finally, we suggest a rather homogenous distribution of cir-
cumstellar and interstellar materials in the protoplanetary
disk based on the abundances of circumstellar and
interstellar materials in xenolithic C-clasts, Antarctic
micrometeorites, IDPs, and primitive chondrites of different
petrologic types.
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