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Abstract-LaPaz Icefield (LAP) 02239 is a mildly aqueously altered CM2 carbonaceous
chondrite that hosts a xenolith from a primitive chondritic parent body. The xenolith
contains chondrules and calcium- and aluminum-rich inclusions (CAlIs) in a very fine-
grained matrix. The chondrules are comparable in mineralogy and oxygen isotopic
composition with those in the CMs, and its CAls are also mineralogically similar to the CM
population apart for being unusually small and abundant. The presence of serpentine
demonstrates that the xenolith has been aqueously altered, and its phyllosilicate-rich matrix
has a comparable oxygen isotopic composition to the matrices of CM meteorites. The
xenolith’s chondrules lack fine-grained rims, whereas the xenolith itself has a fine-grained
rim that is petrographically and chemically comparable with the rims on coarse grained
objects in LAP 02239 and other CM meteorites. These properties show that the xenolith’s
parent body was formed from similar materials to the CM parent body(ies). Following its
lithification by aqueous alteration, a piece of the xenolith’s parent body was impact-ejected,
acquired a fine-grained rim while free-floating in the protoplanectary disc, then was accreted
along with rimmed chondrules and other materials to make the LAP 02239 parent body.
Subsequent aqueous processing of the LAP 02239 parent body altered the fine-grained rims
on the xenolith, chondrules, and CAls. The xenolith shows that the timespan of geological
evolution of carbonaceous chondrite parent bodies was sufficiently long for some of them to
have been aqueously altered before others had formed.

INTRODUCTION

The Mighei-like (CM) carbonaceous chondrite (CC)
meteorites have close spectroscopic affinities to C-complex
asteroids (Burbine, 2016) and so likely sample one or more
of them. The parent body(ies) of the CMs were formed by
the accretion of relatively coarse-grained objects (i.e.,
chondrules and calcium- and aluminum-rich inclusions
[CAIs]) together with fine-grained material that forms
the enclosing matrix (Barber, 1981; McSween Jr. &
Richardson, 1977). The chondrules and other coarse-grained
objects typically have fine-grained rims that they acquired
while free-floating in the protoplanetary disc (Hanna &
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Ketcham, 2018; Metzler et al., 1992). The constituents of the
coarse-grained objects, fine-grained rims and matrix
(anhydrous silicates, metal, sulfides, oxides, and amorphous
materials) were partially to completely altered by parent
body aqueous activity at ~4563 Ma (Bunch & Chang, 1980;
Fujiya et al, 2012; McSween Jr., 1979a, 1979b). The
resultant secondary minerals are volumetrically dominated
by phyllosilicates that are intergrown with carbonates,
oxides, and sulfides (Barber, 1981; Bunch & Chang, 1980;
Fuchs et al., 1973; Howard et al., 2009, 2011, 2015; Lee
et al., 2014; Tomeoka & Buseck, 1985; Trigo-Rodriguez
et al., 2019; Zolensky et al., 1993). The CMs are classified
by petrologic type/subtype using various properties that
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LaPaz Icefield 02239 xenolith

quantitatively or qualitatively describe the degree of aqueous
alteration of the accreted anhydrous materials (Alexander
et al., 2013; Howard et al., 2015; Rubin et al., 2007; Zolensky
et al., 1997). Lithologies that have escaped aqueous
alteration and are phyllosilicate free have a petrologic type
3.0/subtype CM3.0, whereas the most highly aqueously
altered lithologies that retain none of the original anhydrous
constituents have a petrologic type 1.0/subtype CM2.0.

Many of the CMs are breccias, and the most common
clasts in these fragmental rocks are CM lithologies, which
are termed “cognate clasts” (Bischoff et al., 2006). These
clasts can be distinguished from their host meteorite by
differences in properties including mineralogy and
petrofabric (Figure 1a). The brecciation and mixing of clasts
was by impacts in a regolith environment (Bischoff
et al., 2006). CM meteorites can also contain fragments of
non-CM lithologies (i.e., xenoliths, Table 1), which are
typically less than ~5 mm in size. The most abundant types
of xenoliths are rich in magnetite relative to the host CM
and are similar in mineralogy and texture to C1 meteorites
(Zolensky et al., 1997; Figure 1b). Xenoliths have also been
described with affinities to other groups of CC meteorites,
and in very rare cases to achondrites (Table 1). As they may
sample parent bodies that are not represented in meteorite
collections, xenoliths can provide a unique window into the
composition and evolution of the protoplanetary disc (e.g.,
Nittler et al., 2019).

Here we describe a chondritic xenolith in the CM2
meteorite LaPaz Icefield (LAP) 02239 that is lithologically
distinct from any of the xenoliths that have been described
previously (Figure 1c¢). This xenolith is potentially highly
significant because it has a fine-grained rim in common with
chondrules, CAls, and other objects in the CMs (Metzler
et al., 1992; Trigo-Rodriguez et al., 2006). As the presence of
a rim shows that the xenolith was free-floating in the
protoplanetary disc along with chondrules and CAls before
being accreted to make the LAP 02239 parent body, it
provides an opportunity to study the composition and
geological evolution of an early formed CC body. One
aspect that is of particular interest here is whether this

FIGURE 1. (a) Backscattered electron (BSE) image of a
cognate clast in Kolang, which stands out from the enclosing
meteorite by virtue of its abundant tochilinite—cronstedtite
intergrowths (TCIs) (white). Elongation of some of the TClISs is
suggestive of a NNW-SSE-oriented petrofabric. (b) BSE image
of a Cl1 xenolith in Cold Bokkeveld that is characterized by
abundant cubes and framboids of magnetite (white). Neither the
cognate clast (a) nor the xenolith (b) has a fine-grained rim. (c)
BSE image of the xenolith that is described in the present study
(outlined by a dashed white line). It is enclosed in a fine-grained
rim (FGR).
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TABLE 1. Xenoliths previously described from CM
carbonaceous chondrite meteorites.

Xenolith’s affinity

Host meteorite

Unsampled CC parent body; a
petrologic type 1 CC lithology®

Ureilite meteorites

CV3 meteorites®

Aguas Zarcas

Cold Bokkeveld

Grove Mountains
(GRO) 021536

Lonewolf Nunataks
(LON) 94101

Petrologic type 1, 2, and 3 CCs®

Mighei Petrologic type 3 CCs®

Murchison Petrologic type 3 CC lithologies similar
to CO3s and CV3s®; CO3 and CV3
meteorites’; Interior of a CM parent
body®

Murray C3 meteorites"

Northwest Africa
(NWA) 12651

An igneous fragment formed in the CC
region'

Note: Clasts with a C1 affinity are commonplace in the CMs but
rarely recorded (Russell et al., 2022).
#Kerraouch et al. (2021).

*Muller (1966).

“Zhang et al. (2010).

dLindgren et al. (2013).

°Fuchs et al. (1973).

fOlsen et al. (1988).

#Kerraouch et al. (2019).

"Bunch and Chang (1980).

‘Ebert, Patzek, et al. (2019).

primitive body was aqueous altered because such a finding
may provide new insights into the distribution and
chronology of liquid water in the early solar system.

MATERIALS AND METHODS

LAP 02239 is a 39.3 g Antarctic find that was recovered
in 2002, and is paired with LAP 02333. Both meteorites have
a weathering grade of B and a fracturing grade of A/B
(Russell et al., 2004). This study used polished block LAP
02239,5 that is rectangular in shape (~9.5 x 8.0 mm) with a
surface area of 76.68 mm?> (Figure 2a.c.d). Clasts and
xenoliths were also studied in polished thin sections of the
CMs Cold Bokkeveld (BM1727 P19526 loaned by the
Natural History Museum, London) and Kolang (made at
the University of Glasgow [UoG] from a commercially
obtained chip; Figure 1a).

The modal mineralogy of LAP 02333 as quantified by
XRD (vol%) is: 51.7% MgFe serpentine, 21.6%
cronstedtite, 12.2% olivine, 10.4% pyroxene, 1.8 magnetite,
1.4 sulfide and 0.9% calcite (Howard et al., 2015). The
abundance of phyllosilicate relative to anhydrous silicates
gives a petrologic type of 1.5 (Howard et al., 2015). From
the amount of H in water/OH, Alexander et al. (2013)
determined the petrologic types of 1.7 and 1.5 for LAP
02239 and LAP 02333, respectively. A bulk sample of LAP

02239 evolved 8.5 wt% H,O with a 8D of —43%, during
stepwise pyrolysis, which is comparable with mildly
aqueously altered CMs (Lee et al., 2021).

Samples were characterized at the UoG using a Zeiss
Sigma field-emission SEM equipped with a silicon-drift
energy-dispersive X-ray detector (EDS) operated through
Oxford Instruments INCA and AZtec software.
Backscattered electron (BSE) images and X-ray maps were
obtained at 20 kV/2 nA. Quantitative chemical analyses
were acquired at 20 kV/2 nA, with beam currents
monitored using a Faraday cup. Spectra were collected for
60 s and quantified via INCA. Calibration used the
following mineral standards, with typical detection limits (wt
% element) in parentheses: Na, jadeite (0.10); Mg, periclase
(0.06); Al, corundum (0.10); Si, diopside (0.11); P, apatite
(0.12), S, pyrite (0.10), K, orthoclase feldspar (0.12); Ca,
wollastonite (0.10); Ti, rutile (0.16); Cr, chromite (0.19); Mn,
rhodonite (0.21); Fe, almandine garnet (0.23); and Ni, Ni
metal (0.39).

Oxygen isotope measurements of olivine and pyroxene
as well as phyllosilicate-rich areas of matrix were made on
the Cameca NamoSIMS 50L at the Open University (OU).
Prior to analysis, each area was pre-sputtered with a
100 pA Cs" probe for 3 min over an area of 7 x 7 pm to
remove C coat and surface contamination, and achieve
sputter equilibrium. Analyses were performed with a 100 pA
Cs" probe rastered over 5 x 5 um in “spot” mode. An
electron flood gun was used for charge compensation. Seven
different  secondary ion  species were  collected
simultaneously, with '°O~ measured on a Faraday detector
while 70, 0™, 3%Si~, *Mg'°0~, °Ca'®0~, and *°Fe'®0~
were measured on electron multipliers. A mass resolving
power of ~10,000 (Cameca definition; see Hoppe et al., 2013)
was used that is sufficient to resolve the '*OH™ interference
from the "0~ signal.

Analyses lasted approx. 7 min, providing a total of
~1.5 x 10" counts '®O~. Analyses were corrected for
instrumental mass fractionation against a standard sample
of Fogy San Carlos olivine (8'%0 4.919, as measured by
laser fluorination at the OU), that was analyzed before and
after each block of unknown samples. Analytical
uncertainty (all 2c SD), incorporating internal counting
statistics from the sample measurement and external
precision from standard replicates analyzed before and/or
after the samples, is typically +1.2%, for 8'’0, +0.8%, for
3'%0, and approximately +1.0%, for A7O. Matrix
correction was applied to account for differences in the Fe/
Mg of the samples of olivine and pyroxene to the standard,
and used San Carlos olivine (Fogg), Eagle Station pallasite
(Fogg), and an olivine with a composition of Fo7,,
generating a correction of 0.8%, offset between the sample
and San Carlos olivine.

Analyses of the matrix areas were subjected to much
higher 'OH~ signal than the olivine and pyroxene
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FIGURE 2. Backscattered electron (BSE) images and X-ray maps of LAP 02239. In (a), (c), and (d), the edges of the light
lithology are delineated by dashed white lines. (a) BSE image of the whole polished block. The light lithology is defined by the
concentration of grains that have a high mean atomic number (white). The xenolith is within the light lithology at the top edge
of the block (arrowed). Narrow solid white lines delineate the interface between the xenolith and its fine-grained rim, and
between the fine-grained rim and the host meteorite. (b) BSE image showing the xenolith in context. The inner and outer edges
of the xenolith’s fine-grained rim are delineated by dashed white lines. (c) Color blended X-ray map of the polished block with
Fe blue, Mg light green and Si red. These colors render En-rich clinopyroxene orange, Fo-rich olivine yellow, the matrix brown
and Fe-metal light blue. (d) Color blended X-ray map of the polished block with Mg red, Ca light green, and Al blue. These
colors render clinopyroxene and olivine light red and Ca-carbonate green. (Color figure can be viewed at wileyonlinelibrary.com.)

standards. In such circumstances, the mass resolving power
employed results in a small contribution of '®OH™ to the
70~ signal. To correct for this interference, the 'OH™
signal was measured for 10 s at the start and end of each
measurement, and the 80 adjusted according to a
calibration of A0 versus '®OH™/'®*0~ measured intensity
determined by analyses of a terrestrial serpentine versus
San Carlos olivine. The 3'0 and 8'’0O of the matrix
measurements were corrected against San Carlos olivine,
although some variation in matrix composition would be
expected. Although not determined in this study, the
difference in the matrix effect between San Carlos olivine
and a number of serpentines is restricted to a narrow range
from —1 to +1.69, (Scicchitano et al., 2018). Therefore, as
the matrix potentially contains a number of very fine-
grained phases, the use of San Carlos olivine is warranted to

provide a good approximation of the instrumental matrix
effect.

The size of whole chondrules was determined from
BSE images by image segmentation using GNU Image
Manipulation Program and Image] software (the
Chondrule Image Segmentation method as described by
Floyd & Lee, 2022a). Whole chondrules were identified as
being polymineralic, rounded over >50% of their
perimeter, not cut by any large fractures or the edge of
the sample, and having less than 50% internal area
removed by polishing. The terminology for CAI
morphology and mineralogy follows MacPherson and
Davis (1994), and CAlIs size was determined using the
protocol of Rubin (2007, 2015). Specifically, each CAI
was measured along its major axis (¢) and the longest
dimension at 90° to ¢ (i.e., minor axis). CAI size is
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FIGURE 3. Plots of the long axis versus short axis sizes of chondrules and calcium- and aluminum-rich inclusions (CAls) in both
lithologies of LAP 02239 (gray points) and in the xenolith (red points). Those with an aspect ratio of 1 would plot on the dashed
1:1 line. (a) The 150 whole chondrules in LAP 02239 and two in the xenolith. The solid black line is a regression line through the
150 points (R? = 0.85). (b) The 70 CAlIs in LAP 02239 and six in the xenolith. Both whole CATs and fragments are included in the
plot. The data are listed in Tables S1 (chondrules) and S2 (CAls). (Color figure can be viewed at wileyonlinelibrary.com.)

expressed as the average of the two measurements, and
surface area as the product of the two measurements.

Electron transparent wafers for transmission electron
microscopy (TEM) were cut and extracted from the
xenolith’s matrix using a FEI DualBeam focused ion beam
(FIB) instrument in the School of Physics and Astronomy,
UoG. The instrument was operated at 30 kV, with different
beam currents used during the milling process. Wafers were
extracted using an in situ micromanipulator and welded to
the tines of a copper holder using electron and ion beam
deposited platinum (Lee et al., 2003). The wafers were
characterized by bright-field TEM imaging and selected area
electron diffraction (SAED) using a FEI T20 TEM operated
at 200 kV.

RESULTS

Petrography, Mineralogy, and Mineral Chemistry of the
LAP 02239 Meteorite

LAP 02239 contains two main lithologies, hereafter
referred to as “dark” and “light” from their overall
appearance in BSE images (Figure 2a). Both lithologies
contain chondrules, chondrule fragments, CAls, and coarse
anhydrous mineral grains, and most of those objects have a
fine-grained rim. Between the rimmed objects is a fine-
grained matrix. The xenolith is in the light lithology
(Figure 2b), and neither lithology has any other clasts.

The polished block is 75.53 mm? in size excluding the
xenolith, and 24.58% of that area comprises whole
chondrules and chondrule fragments. There are 150 whole
chondrules (2.0 whole chondrules/mm?), 144 type I and six
type II (Figure 2a,c,d), all with a fine-grained rim, and they
occupy 11.4% of the area of the polished block. The whole
chondrules range in major axis/minor axis size from 1.145/
0.900 mm (—0.195/0.152 ¢) to 0.072/0.051 mm (3.796/4.293
¢; Figure 3a). Their average major axis size is 0.224 mm
(2.157 9), and the average minor axis size is 0.164 mm (2.603
¢; Table S1). All of the whole chondrules have an aspect
ratio of greater than 1 (average of 1.44), and their long axes
define a weak compactional petrofabric (Figure S1).
Chondrule olivine and pyroxene grains are typically pristine
and can host blebs of Fe,Ni metal. The mesostasis glass of
all chondrules has been aqueously altered to phyllosilicate or
removed by dissolution to leave voids.

There are 70 CAls in the polished block (excluding the
xenolith). Their major axis versus minor axis sizes are
plotted in Figure 3b and listed in Table S2. Their size and
abundance are also summarized in Table 2. Sixty percent are
simple inclusions, 30% are simple aggregates, and 10% are
complex aggregates. The mineralogy of each CAI is in
Table S2, and of note is that 24% contain hibonite and 36%
phyllosilicate. Of the 70 CAls, 62 have a fine-grained rim.
There is some correlation between the presence of a fine-
grained rim and size in that 5 of the 10 smallest CAls (all
less than 30 pm in size) are un-rimmed (Table S2).
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TABLE 2. Abundance and size of calcium- and aluminum-rich inclusions (CAls) in LAP 02239, its xenolith, and

four other CMs from the literature.

Number of CAls/sample

Proportion of sample

area® CAIs/mm? Size range, average® area that is CAIs (%)
LAP 02239 70/75.53 mm?> 0.93 14-352 pum, 72 £+ 59 pm 0.72
LAP 02239 xenolith® 6/0.824 mm? 7.28 1048 um, 26 + 14 pm 0.56
QUE 97990¢ 32/50 mm?® 0.64 33-525 pm, 122 + 97 pm 1.43
Paris? 18/108 mm?> 0.17 33-172 pm, 111 + 39 pm 0.21
Mighei® 35/not stated ~0.10 25-1150 pm, 181 £ 206 um n.a.
NWA 11024" 82/~135 mm? 0.61 ~15-490 pm, n.a. 1.3

Abbreviation: n.a., not applicable.

“Both intact and fragments.

4+ is the standard deviation.

“The area of the xenolith excludes its fine-grained rim.

9Data for Queen Alexandra Range (QUE) 97990 and Paris are from Rubin (2007) and Rubin (2015), respectively, and to facilitate comparison
with the present study pyroxene inclusions and pyroxene—olivine inclusions are not included.

°Data from MacPherson and Davis (1994), who estimate that the meteorite has ~10 CAlIs/cm?.

Data from Ebert, Bischoff, et al. (2019) and are from two thin sections (~80 and ~55 mm?) with CAI abundances of 1.4 and 1.1. vol%.

The fine-grained rims on chondrules, chondrule
fragments, and CAls are similar in petrographic appearance
(Figure 4a). They contain ~2-10 pm diameter pores, which
are most common in their outer parts, and the similarities in
size and shape of these pores between rims in different areas
of the sample argue against them being a polishing
artifact. Most rims also have fractures that are oriented
approximately normal to their inner and outer edges, and
are inferred to be original features (Figure 4b). The rims
have a Mg-Fe silicate composition (Table 3). In a (Si + Al)-
Mg-Fe ternary diagram, individual analyses plot on or just
below the serpentine solid solution line and are
compositionally comparable with fine-grained rims in other
CM chondrites (Figure 5a).

In addition to chondrules, chondrule fragments, and
CAlIs, LAP 02239 contains grains that are a few tens of
micrometers in size and have a high mean atomic number
(Z) making them bright in BSE images (Figure 6a,b). It is
the concentration of these grains in one part of the polished
block that defines the light lithology; in all other respects, the
two lithologies are indistinguishable (Figure 2a). The grains
are roughly equant in shape, sometimes with faceted edges,
and are composed of arrays of closely packed ~10 pm long
fibers. The fibers radiate inwards from the outer edges of the
grains and may also radiate outwards from points close to
their center (Figure 6a). Many of these grains contain
crystals of Ca-carbonate (aragonite/calcite) that are ~20 to
30 pm in size and are inclusion free (Figure 6b). Edges of the
Ca-carbonate crystals may be sharp or embayed by arrays
of fibers. The grains are rich in O, Mg, Si, S, Fe, and Ni; as
these compositions do not match that of any one mineral,
the grains are interpreted to be composed of an intergrowth
of two or more phases. Plotted on a (Si + Al)-S-(Mg + Fe)
ternary diagram analyses lic approximately on a line

between tochilinite and serpentine (Figure S2), and so are
hereafter referred to as “tochilinite—serpentine grains”
(Table 3). Given the high Z of these grains, the serpentine
will be Fe rich. The tochilinite—serpentine grains have ~10 to
15 um-wide rims that thicken and thin over depressions and
protuberances, respectively, to give the rimmed grains a
rounded profile (Figure 6a). The rims are very similar in
petrographic appearance and chemical composition to the
fine-grained rims on chondrules and CAls elsewhere in LAP
02239 (Table 3; Figure 5c), although that does not
necessarily mean that they are formed in the same way.

The matrix of LAP 02239 contains sulfide grains ~80—
90 um in size that are made of pyrrhotite with a ~2-4 pm
rim of pentlandite. Within the pyrrhotite are ~10 um size
patches of magnetite that are typically associated with
fractures (Figure 6c). These sulfides closely resemble the
“pyrrhotite—pentlandite intergrowth altered to magnetite”
(PPI alt) grains that have been described from other CMs by
Singerling and Brearley (2020). Two large grains of Fe,Ni
metal occur in the light lithology, one of which is within a
type I chondrule (Figure 6d). In both cases, the metal has
been extensively altered to a Fe-oxide with detectable Cl and
S (in EDS spectra) that is interpreted to be akaganéite
(Buchwald & Clarke, 1995).

Petrography and Mineralogy of the Xenolith

The xenolith is roughly oval in shape, although part of
it has been lost at the edge of the polished block (Figure 2b).
It is 1.26/0.65 mm in major axis/minor axis size and has a
surface area of 0.824 mm?. The xenolith has a fine-grained
rim that is ~50 to 150 pm thick and with a surface area of
0.327 mm? (Figures 2b and 7a,b). Within the xenolith are
chondrules, chondrule fragments, and CAIs that are
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FIGURE 4. Backscattered electron (BSE) images of fine-grained rims in the LAP 02239 polished block. (a) Part of the xenolith
(right hand side) and the host meteorite. The outer edge of the xenolith is delineated by a solid yellow line, and the outer edge of
its fine-grained rim by a dashed yellow line. The outer edges of fine-grained rims on two chondrules and on a mineral grain in
the host meteorite are delineated by dashed white lines. Note that a whole chondrule in the xenolith (X1) lacks a fine-grained
rim despite being similar in size to the three rimmed objects in the host meteorite. (b) The fine-grained rim on a type II
chondrule in the light lithology (the chondrule is at the top of the image). The rim contains small pores (black) and is cut by
narrow fractures, one of which is indicated by a white arrow. (c) The xenolith’s fine-grained rim. The xenolith is at the top edge
of the image and labeled. Note the sharp contact between the xenolith’s matrix and its fine-grained rim (arrowed). Some
fractures (F) can be traced from the matrix into the fine-grained rim. (d) Locations of images in (a), (b), and (c) in the LAP
02239 polished block. (Color figure can be viewed at wileyonlinelibrary.com.)

supported in a very fine-grained matrix. None of these
objects has a fine-grained rim (Figures 4a and 7¢,d).

The xenolith contains two whole chondrules (X1 and
X2, both type I POP) and four fragments of type I
chondrules (i.e., 2.4 whole chondrules/mm?; Figures 4a and
7a—c). They have a major axis/minor axis size of 0.339/
0.310 mm (X1) and 0.180/0.137 pm (X2) (Figure 3a) and
together occupy a surface area of 0.10 mm? corresponding
to 12.4% of the area of the xenolith (Table S1). X1, the
largest of the two whole chondrules, contains phenocrysts of
forsterite (Fogg;) and enstatite (EnggoFs;2Woqg), and its
mesostasis has a Mg-Fe silicate composition (Table 3). This
chondrule also hosts several ~20-30 um diameter voids that
are circular to oval in shape and have a Fe-rich lining
(Figure 7c). Oxygen isotope analyses of olivine and pyroxene
grains in the two chondrules are listed in Table 4. Taken
together, they range in 3'%0 and &'’ values from —3.5%, to

+0.5%, and —7.19%, to —3.3%,, respectively. All analyses plot
within the error of the carbonaceous chondrite anhydrous
mineral (CCAM) line (Figure 8). The xenolith has six CAls,
giving an abundance of 7.28/mm?® and they are small
(26 um average size) relative to CAls in the host meteorite
(Table 2). All six are simple inclusions with three containing
phyllosilicate and one with hibonite (Figure 7d; Table S2).
The xenolith’s matrix contains ~15-40 pm size angular
grains (mostly olivine), a smaller number of larger olivine
grains that can contain beads of FeNi metal, and two
sulfide grains. One of the sulfides is a 20 um grain of
pyrrhotite associated with a small lath of Fe,Ni phosphide
(probably schreibersite), and the other is a 25 pm crystal of
pyrrhotite that has a 4 pm-wide rim of pentlandite
(Figure 7e); the latter is comparable with the “pyrrhotite—
pentlandite intergrowth” (PPI) grains that have been
described from the CMs (Singerling & Brearley, 2018). The
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TABLE 3. Chemical composition of constituents of LAP 02239 and the xenolith (wt%).

679

LAP 02239 Xenolith

Tochilinite— Tochilinite—

serpentine serpentine Chondrule Xenolith’s Chondrule X1

grains grains’ rim FGRs FGR Matrix mesostasis

wt% + wt% + wt% + wt% + wt% + wt% +
SiO, 11.31 1.14 22.28 1.69 22.85 2.21 22.95 1.18 28.17 0.89 26.84 4.70
TiO, n.a. d.l. n.a. n.a. n.a. 0.10 0.18
ALO3 1.94 0.26 2.52 0.29 2.97 0.59 2.99 0.50 1.96 0.15 4.31 1.28
Cr,0; d.L 0.14 0.17 0.30 0.15 0.23 0.19 0.52 0.10 0.52 0.04
FeO 49.15 2.82 27.39 2.25 26.55 2.16 27.22 1.70 19.58 0.89 29.46 3.39
MnO 0.02 0.08 d.l. 0.04 0.10 0.04 0.10 0.08 0.13 0.13 0.23
MgO 7.59 0.80 11.42 1.95 12.18 1.22 12.46 0.78 17.58 0.67 11.81 1.09
CaO 0.02 0.07 0.36 0.13 0.46 0.48 0.74 0.35 0.26 0.10 2.76 2.02
Na,O 0.20 0.14 0.35 0.06 0.57 0.17 0.38 0.20 0.53 0.09 0.27 0.04
P,Os d.L 0.10 0.15 0.23 0.25 0.39 0.28 0.05 0.12 d.l
NiO 3.51 0.73 1.72 0.51 1.91 0.28 1.84 0.20 242 0.26 0.23 0.39
S 10.89 0.89 2.40 0.44 2.60 0.29 2.61 0.19 2.79 0.20 0.67 0.44
Total 84.64 2.48 72.75 2.80 70.66 4.20 71.84 2.02 74.94 1.55 77.09 6.34
n 24 9 22 16 18 3

Note: All of the analyses are listed in Table S3.

Abbreviations: FGR, fine-grained rims; d.1., below the limits of detection; n.a., not analyzed; 4, the standard deviation.

matrix also contains high-Z patches ~10 pm in size that have
a central void and sometimes also contain small grains of
Fe-sulfide. TEM images and SAED patterns of the
xenolith’s matrix reveal lath-shaped crystals that are a few
hundred nanometers in length and with a 0.72 nm basal
layer spacing that is diagnostic of serpentine (Figure 7f). The
xenolith’s matrix is heavily fractured; the fractures do not
cut the two whole chondrules, although some extend part
way into the xenolith’s fine-grained rim (Figure 7c).
Chemical analyses of the xenolith’s matrix plot just above
the serpentine solid solution line, and at the Fe-poor end of
a trend defined by the matrices of CM chondrites
(Figure 5d). Seven NanoSIMS analyses were obtained from
the matrix. They range in 8'0 and 'O from 8.5%, to
12.79,, and 2.8, to 5.6%,, respectively, and all plot below
the CCAM line (Figure 8). While some of this range in 5'*0
may be the result of matrix effects associated with variability
in the composition of the target areas, which have not been
corrected for, it should be noted that the variability in
measured ion beam intensities of Si/O and MgO/O reveals
variations of 10%—15%. Thus, there was limited variation in
average composition, and therefore matrix effects would not
be expected to exceed 1-2%,. Reported A'’O values would
not be affected by any matrix effects.

The xenolith’s fine-grained rim is petrographically
comparable with rims on other objects in LAP 02239
including having small (~4-10 um) pores that are most
abundant in its outer part (Figure 4c¢). This rim is also
close in chemical composition to fine-grained rims
elsewhere in LAP 02239 and other CMs (Table 3;
Figure 5b).

DISCUSSION

We first evaluate the affinity of LAP 02239 and its
xenolith relative to CC meteorite groups, then outline the
xenolith’s history from accretion of its own parent body
to lithification of the LAP 02239 parent body. Finally, we
consider why rimmed xenoliths are so scarce, and the
insights they can provide into the accretion and
geological evolution of CC parent bodies.

Classification and Alteration of the LAP 02239 Meteorite

The light and dark lithologies of LAP 02239 are
petrographically consistent with a CM as they contain
rimmed chondrules, chondrule fragments, and CAls in a
fine-grained matrix. The mineralogy and chemical
composition of both lithologies indicate that they have been
mildly aqueously altered. For example, the olivine and
pyroxene phenocrysts of chondrules are unaltered, and can
contain beads of Fe,Ni metal; yet, the mesostasis of
chondrules has been replaced by phyllosilicates or lost by
dissolution. Also, Ca-carbonate is abundant, whereas
dolomite is absent. These properties indicate that LAP
02239 has a petrologic subtype of ~CM2.4-2.5 (Rubin
et al., 2007), which is consistent with petrologic types of 1.5
and 1.5-1.7 that were determined for bulk samples of LAP
02239 and its pair (Alexander et al., 2013; Howard
et al., 2015).

Another property that can be used to help constrain the
petrologic subtype of a CM is the chemical composition of
its grains of “poorly characterized phases” (PCP; Rubin

85UB01 SUOWILLOD A1) 8|qedl(dde 8y} Ag peusenob ae Ssjile O ‘8sn Jo Se|nJ o} Akeid]8uljuO /8|1 UO (SUONIPUD-PUE-SWLB) W00 A8 | 1M Ale.d 1 jpuluoy/:SAny) SUORIPUOD pue swie | 8y} 8es *[£202/90/20] Uo Ariqiauliuo Ae|im ‘mofise| JO AisieAlun Aq 826€T Sdew/TTTT 0T/I0p/wW00 A8 | Ake.d 1 puluo//sdny wouy pepeojumod ‘G ‘€202 ‘00TSSY6T



680 M. R. Lee et al.

Si+Al

Mg Fe
(a) 50 Si+Al 50
o
Chrysotile iy ) Greenalite
- ]
[ ]
70
30
Mg Fe
(b) 50 50
Chrysotile iy Greenalite
(R Ligs
]
70
30
Mg Fe
(c) 50 50
Chrysotile o G lit
u @ reenalite
Ly A
"
70
30
Mg Fe
50
(d) 50
o
Chrysotile %@LU@ Greenalite
B
(=[5]
70
30
Mg 10 20 30 40 50 60 Fe

FIGURE 5. Ternary diagrams (atom%) of the chemical
composition of various fine-grained rims constituents of LAP
02239 and the xenolith as determined by X-ray microanalysis. Data
from LAP 02239 and the xenolith are plotted as gray circles. The
red squares in (a—c) are the average compositions of the fine-
grained rims of 12 CMs in Zolensky et al. (1993), and the light blue
squares in (d) are the average compositions of the matrices of 18
CMs in Zolensky et al. (1993). Green is the solid solution line
between Mg- and Fe-serpentine (chrysotile and greenalite,
respectively). (a) Fine-grained rims on LAP 02239 chondrules
(n =22 analyses). (b) The xenolith’s fine-grained rim (n = 16
analyses). (c) Rims to tochilinite—serpentine grains (n = 9 analyses).
(d) The xenolith’s fine-grained matrix (7 = 18 analyses). The matrix
has a lower proportion of iron than all but one of the 18 CMs
plotted for comparison (Allan Hills 83016). Data from all of the
analyses of LAP 02239 and the xenolith are listed in Table S3.
(Color figure can be viewed at wileyonlinelibrary.com.)

et al., 2007) and “tochilinite—cronstedtite intergrowths”
(TCI; Lentfort et al., 2021). The tochilinite—serpentine grains
that characterize the light lithology of LAP 02239 are
petrographically similar to PCPs and TCIs yet are
chemically distinct. Specifically, their ratios of FeO/SiO,
(3.2-5.4, average 4.4) and S/SiO, (0.7-1.2, average 1.0)
(Table S3) are inconsistent with the compositional ranges of
PCPs and TCIs that are used in petrologic subtype
classifications (Lentfort et al., 2021; Rubin, 2015; Rubin
et al., 2007). Specifically, the average S/SiO, ratio of LAP

02239 tochilinite-serpentine (1.0) is considerably greater
than the same ratio of TCIs in the least altered meteorite
described by Lentfort et al. (2021) (0.67 for a CM2.9). The
average FeO/SiO, ratio of the LAP 02239 tochilinite—
serpentine grains (4.4) is equivalent to a CM2.7 classification
of Rubin (2015) and a CM2.8 of Lentfort et al. (2021).
However, the petrologic type of LAP 02239 as determined
by Alexander et al. (2013) and Howard et al. (2015) is
incompatible with the very mild alteration indicated by
comparing the tochilinite-serpentine grains with PCP- and
TCl-related subtype classifications. We therefore conclude
that LAP 02239 was aqueously altered under subtly different
conditions to some of the other CMs.

Accretion and Lithification of the Xenolith’s Parent Body

The nature of the xenolith’s constituents can help
constrain where/when its parent body accreted relative to the
parent bodies of known meteorite groups. The xenolith’s
chondrules are comparable in petrography, mineralogy, and
size with those in LAP 02239 and other CMs (Floyd &
Lee, 2022b; Hanowski & Brearley, 2001) and are equally as
abundant (ie., 2.4 vs. 2.0 whole chondrules/mm? for the
xenolith and LAP 02239, respectively). The oxygen isotope
ratios of the xenolith’s olivine and pyroxene grains are
similar to those of chondrule silicates in other CMs such as
Murchison (Figure 8). A CM affinity for the xenolith is also
consistent with its pentlandite-rimmed pyrrhotite grain,
which is petrographically comparable with primary sulfides
in LAP 02239 and the CMs (Singerling & Brearley, 2018,
2020), although in contrast to LAP 02239 the xenolith’s
pyrrhotite grain lacks magnetite (compare Figures 6¢ and
7e). As regards CAls, there are good petrographic and
mineralogical similarities between those in the xenolith
and in the CMs (Greenwood et al., 1994; MacPherson &
Davis, 1994; Rubin, 2007, 2015). However, the average size
of the xenolith’s CAls is a third of that of inclusions in LAP
02239, and 23%, 21%, and 14% of the size of those in Paris,
QUE 97990, and Mighei, respectively (Table 2). The
abundance of CAls in the xenolith (7.28/mm?) is also much
greater than in the five CMs in Table 2 (0.10-0.93/mm?) and
in the CM2 meteorites, Murray (0.90 and 0.58/mm? for two
thin sections; Lee & Greenwood, 1994) and Cold Bokkeveld
(0.6-0.8/mm? for four thin sections; Greenwood et al., 1994).

As the xenolith contains only a small number of
chondrules, CAIs and sulfides, care must be taken not
to over-interpret their significance. Nonetheless, the
petrographic, mineralogical, and oxygen isotopic parallels
between objects in the xenolith, LAP 02239, and other CMs
are consistent with the xenolith’s parent body having
accreted material from a similar part of the protoplanetary
disc as the CM parent body(ies) (i.e., the “CM nursery”). It
is unlikely that the unusually high abundance of small CAls
in the xenolith is just due to the detailed imaging and
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FIGURE 6. Backscattered electron (BSE) images of Fe-rich grains in LAP 02239. (a) A tochilinite—serpentine grain with a narrow rim.
Fibers radiate from the grain’s outer edge inwards, and from its core outwards. (b) A Ca-carbonate crystal within a tochilinite—
serpentine grain. The crystal is embayed by arrays of tochilinite—serpentine fibers in its upper part and left-hand edge (arrowed). (c) A
grain of pyrrhotite with a narrow rim of pentlandite. Parts of the pyrrhotite interior have been altered to Fe-oxide (arrowed). (d) A large
grain of Fe,Ni metal (white) within a type I chondrule. The metal has a thick rim of akaganéite (mid-gray).

analytical work undertaken on that relatively small object in
comparison with LAP 02239 and other CMs. It is more
probable that the xenolith’s parent body preferentially
accreted a size-sorted subset of the CAI population. A
crucial difference between the xenolith and other CMs
including LAP 02239 is that its chondrules and CAlIs lack
fine-grained rims. The absence of fine-grained rims on the
xenolith’s CAls may be due to their small size (five of the six
CAls are less than 32 um) given that 5 of the 10 smallest
CAlIs in LAP 02239 (i.e., those less than 30 um in size) also
lack rims (Table S2). However, the same explanation
cannot apply to chondrules X1 and X2 because all whole
chondrules in LAP 02239 that are of a similar size and
smaller in size have fine-grained rims (Figure 4a). It is
possible that fine-grained rims were once present on X1 and
X2 but they were abraded away prior to the chondrules’
accretion into the xenolith’s parent body or have been
obscured by aqueous alteration. The former is inconsistent
with X1 and X2 being intact (i.e., abrasion would have had
to been selective to the rims and not affected the chondrules
themselves) and the latter possibility is unlikely given that
the xenolith’s fine-grained rim can be readily distinguished

from its matrix (Figure 4c). We are therefore confident that
the xenolith’s chondrules never acquired fine-grained rims,
and the significance of finding is discussed further below.
The xenolith must have been derived from a lithified
part of its parent body for it to have retained its integrity
during impact-ejection, passage through the protoplanetary
disk, and incorporation into the LAP 02239 parent body.
Lithification could have been by compaction and/or
aqueous alteration. Given that the xenolith lacks evidence
for compaction (e.g., a petrofabric), aqueous alteration is
assumed to have been responsible, and its effects are
evidenced by the presence of hydrous phases in the
mesostasis of its chondrules, its CAls, and its matrix. The
absence of tochilinite—serpentine grains and calcite from
the xenolith, and the chemical composition of its matrix
(iron-poor relative to the matrices of 17 of the 18 CMs
plotted in Figure 5d), shows that the aqueous fluids were
depleted in calcium and iron relative to those that altered
many other CMs. However, the oxygen isotopic
composition of the xenolith’s matrix overlaps with bulk
analyses of CM matrices (Clayton & Mayeda, 1999),
although it is distinct from the matrices of CI1 and all but
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FIGURE 7. (a) Backscattered electron (BSE) image of the xenolith and its fine-grained rim (FGR). The xenolith contains two
whole chondrules (X1 and X2), and its matrix is highly fractured. (b) Color blended X-ray map of the xenolith: Fe blue, Mg
light green and Si red. These colors render En-rich clinopyroxene orange, Fo-rich olivine light green, high-Z (Fe rich) particles
blue, and the xenolith’s matrix brown. (¢) BSE image of chondrule X1. Its mesostasis has been aqueously altered but grains of
Fo-rich olivine and En-rich pyroxene are intact. The chondrule contains rounded voids with a Fe-rich lining, which are probably
former blebs of metal. (d) BSE image of two calcium- and aluminum-rich inclusions (CAIs) (arrowed) in the xenolith’s matrix.
The CAI on the right-hand side has a core of spinel and hibonite, and a rim of diopside. (¢) BSE image of a pyrrhotite grain
with a rim of pentlandite (arrowed) in the xenolith’s matrix. (f) Bright-field TEM image with inset selected area electron
diffraction (SAED) pattern of the xenolith’s matrix. The SAED pattern is from the lath-shaped crystal in the middle of the field
of view, and its main row of spots has a d-spacing of 0.72 nm. (Color figure can be viewed at wileyonlinelibrary.com.)

one of the C2-ung meteorites analyzed by Rowe et al. (1994;  water (Clayton & Mayeda, 1999), both components must
Figure 8). As the oxygen isotopic compositions of CM  have been isotopically comparable between the xenolith’s
matrices are determined mainly by the interaction between  parent body and the CMs. Overall, therefore, the xenolith’s
two reservoirs, '°O-rich anhydrous silicates and '°O-poor  primary constituents (e.g., chondrules) and secondary phases
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TABLE 4. NanoSIMS analyses of the xenolith’s 15
. B Xenolith chondrule olivine 4
chondrules and matrix. O Xenolith chondrule pyroxene ,/
- O Murchison chondrules 7
AnalySIS s - " @ Xenolith matrix ) ///

Phase analyzed point 80 26 80 26 A0 20 10 ;gﬂ:t ng:i gg"i:;e:e"tgﬁes ///
Chondrule X1 X1 ol-1 -14 09 -60 12 -53 1.0 ®Bulk matrix Cl1 metearites .

olivine
Chondrule X1 Xlol-2 -21 09 -63 12 -52 1.0

olivine
Chondrule X1 X1 ol-3 -1.9 09 -54 12 —-44 10

olivine
Chondrule X2 X2 ol-4 05 09 -33 12 =36 1.0

olivine
Chondrule X1 X1 px-1 =35 09 -71 12 -53 1.0

pyroxene
Chondrule X2 X2 px-1 -0.7 09 —46 12 —-43 1.0 ‘

pyroxene A0
Matrix Matrix-1 105 09 32 12 -23 10 S
Matrix Matrix-2 11.6 0.9 40 1.2 =20 1.0 F
Matrix Matrix-3 94 09 28 12 =21 1.0 -15 ‘ ‘ : : ‘
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ﬁig:: ﬁigiz:g 1;2 gg ;g ig :}2 18 FIGURE 8. Oxygen isotopic composition of the xenolith’s

Note: Images of the analysis points are in Figures S3 and S4.

(e.g., matrix serpentine) show that its parent body was quite
similar in construction and geological evolution to the CM
parent body(ies).

Transfer of the Xenolith and its Incorporation into the
LAP 02239 Parent Body

The xenolith’s fine-grained rim is comparable in
petrography and chemical composition with rims on
chondrules and other objects elsewhere in LAP 02239, and
in different CM meteorites (e.g., Figure 5). Other groups of
CCs and ordinary chondrites also have fine-grained rims on
chondrules and other objects, although not in the same
abundance as the CMs (e.g., Alexander, 1995; Brearley,
1993; Krot et al., 1998). The fine-grained rims formed by the
accretion of dust onto objects that were free floating in the
protoplanetary disc (Cuzzi, 2004; Hanna & Ketcham, 2018;
Metzler et al., 1992). Alexander et al. (2008) developed a
model whereby chondrules form in high-density regions
(clumps), in response to a process such as shock heating,
then other material (e.g., dust, CAls) enters the clump as it
collapses by self-gravitation. However, the absence of fine-
grained rims on the xenolith’s chondrules is at odds with
that model if they formed contemporaneously with
chondrules in the CMs. In addition, the presence of fine-
grained rims on LAP 02239 CAls and the xenolith argues
against the dust being present only as a halo around the
chondrule-forming region and in favor of it being distributed
more widely around the CM nursery; this dust may also

matrix, and grains of olivine and pyroxene in its chondrules. Also
plotted for comparison are SIMS analyses of type I chondrules in
Murchison (Chaumard et al., 2018), and bulk analyses of the
matrices of the C2-ung meteorites Bells and Essebi (Rowe
et al., 1994), the CI1 meteorites Alais, Ivuna, and Orgueil (Rowe
et al., 1994), and CM2 meteorites Cold Bokkeveld, Lewis CIliff
85311, Mighei, Murchison, Murray, and Nogoya (Clayton &
Mayeda, 1999). TFL = Terrestrial  Fractionation  Line,
Y&R = Young and Russell slope 1 line (Young & Russell, 1998),
CCAM = Carbonaceous Chondrite Anhydrous Mineral line
(Clayton & Mayeda, 1999; Clayton et al., 1977). (Color figure can
be viewed at wileyonlinelibrary.com.)

TABLE 5. History of the LAP 02239 xenolith.

1. Accretion of un-rimmed chondrules and calcium- and
aluminum-rich inclusions (CAls) into the xenolith’s parent
body

2. Lithification of the xenolith’s parent body by aqueous
alteration

3. Impact-ejection of the xenolith from its parent body

4. Accretion of a fine-grained rim on the xenolith as it
passed through a dust-rich region of the protoplanetary
disc

5. Incorporation of the rimmed xenolith into the LAP 02339
parent body along with rimmed chondrules and CAls

6. Aqueous alteration of the LAP 02339 parent body
including the xenolith’s fine-grained rim

7. Fracturing of the xenolith’s matrix during deformation of
the LAP 02239 parent body

8. Ejection of LAP 02239 from its parent body, fall in
Antarctica, terrestrial alteration of Fe,Ni metal

have been present at a lower density where the parent bodies
of other CC groups were forming. A corollary of this model
is that rim-forming dust was absent when and where the
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xenolith’s  chondrules were moving through the
protoplanctary disc. Thus, the similarities and differences
between the xenolith’s chondrules and those in the CMs
show that its parent body accreted in a similar region of the
protoplanetary disc as the CM nursery, but not when/where
rim-forming dust was present.

Aqueous Alteration and Compaction of the LAP 02239
Parent Body

Given that the xenolith passed through a dust-rich
region of the protoplanetary disc contemporaneously with
CM chondrules, it is most likely to have been accreted into
the LAP 02239 parent body at the same time as them. When
the LAP 02239 parent body was aqueously altered, it must
therefore have contained the xenolith. Such a timing differs
from previously studied xenoliths, which are interpreted to
have been incorporated after aqueous alteration of their host
CM (Lindgren et al., 2013; Olsen et al., 1988; Zhang
et al., 2010). Nonetheless, incorporation of the xenolith into
the LAP 02239 parent body at such an early stage is
consistent with the nature of its fine-grained rim, which is
petrographically and chemically comparable with the rims
on LAP 02239 chondrules and other objects indicating
aqueous alteration from fluids of a similar composition.

There is no evidence for whether the xenolith was
affected by aqueous alteration of the LAP 02239 parent
body. However, the absence of carbonates and tochilinite
suggests that any overprinting was minimal, which was
probably because the xenolith was enclosed by a fine-grained
rim and most of the phases that would have been susceptible
to aqueous fluids had already been altered on the xenolith’s
parent body. The sharpness of the contact between the
xenolith’s matrix and its fine-grained rim is also consistent
with limited overprinting (Figure 4c). The intense fracturing
of the xenolith’s matrix is interpreted to have taken place
after the xenolith had acquired its fine-grained rim because
the rim is cut by some of the fractures. In addition, the
xenolith would have disintegrated upon fracturing if it had
not been enclosed by a fine-grained rim. The cause of the
fracturing is inferred to have been lithostatic or dynamic
compaction of the parent body, although such deformation
must have been mild because the host meteorite has only a
weak chondrule-defined petrofabric. The brittleness of the
xenolith’s matrix relative to its fine-grained rim probably
reflects the distinctive nature of the xenolith’s aqueous
alteration products (e.g., very finely crystalline serpentine).

The last process recorded by LAP 02239 is the partial
alteration of large Fe,Ni metal grains to akaganéite,
which is a common product of Antarctic weathering
(Buchwald & Clarke, 1995; Lee & Bland, 2004). It is also
during this phase of water/rock interaction that the
rounded voids in xenolith chondrule X1 are interpreted
to have formed, by dissolution of Fe,Ni metal or sulfide.
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FIGURE 9. Cartoon diagram summarizing the history of the
xenolith and its parent bodies. (Color figure can be viewed at
wileyonlinelibrary.com.)

These effects are consistent with the weathering grade B
classification for LAP 02239. The xenolith’s history is
summarized in Table 5 and Figure 9.

Implications for Understanding Early Solar System
History

The Oirigins of Cognate Clasts and Xenoliths in the CMs

LAP 02239 contains the only xenolith with a fine-
grained rim that has been described from a CM, although
others are likely to occur. For example, using X-ray
computed tomography, Hanna and Ketcham (2018)
described a rimmed object in Murchison that could be a
lithic clast or xenolith.

As all of the xenoliths that have been previously
described from the CMs are un-rimmed, they are interpreted
to have moved through the protoplanetary disc after rim-
forming dust had dissipated or been consumed. Such a late-
stage timing is consistent with those xenoliths having been
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incorporated into a CM parent body after it had been
aqueously altered. Thus, rim-forming dust was present in the
vicinity of the CM nursery before and probably during
parent body accretion; the presence of fine-grained rims on
chondrules in other CC groups (Brearley, 1993; Krot
et al, 1998) shows that dust was distributed widely
throughout the protoplanetary disc. The absence of fine-
grained rims from cognate clasts (Figure la) could also be
due to their late-stage transport and incorporation.
However, as many of them are likely to be pieces of the
same parent body that have just been redistributed, they
would not have traveled sufficiently far through the
protoplanetary disc to have interacted with rim-forming dust
even if it was still present. Such locally derived clasts have
been described from the Aguas Zarcas (CM2) meteorite by
Yang et al. (2022), and they suggest that the ejection and re-
accretion of such millimeter- to centimeter-size “pebbles”
has been observed on the asteroid Bennu by the OSIRIS-
REX spacecraft.

Chronology of CC Aqueous Alteration

Owing to the lack of dateable secondary minerals in the
xenolith (e.g., carbonates), it is not possible to determine
when it was aqueously altered. The >*Mn->>Cr ages of
carbonates in various groups of CCs (CI, CR, CM, C2-ung)
cluster at ~4 + 2 Ma after CAI formation at ~4567.2 Ma,
which has been interpreted to reflect the time scales of
accretion of parent bodies and their heating by *°Al decay
(Bischoff et al., 2021; Fujiya et al., 2012; Lee et al., 2012;
Visser et al., 2020). If it is assumed that aqueous alteration
of the parent bodies of the xenolith and LAP 02239 was also
driven by radiogenic decay, then **Mn->*Cr ages constrain
the time scale of the processes listed in Table 5 and depicted
in Figure 9. Specifically, the xenolith was aqueously altered
in one parent body that had been heated by °Al, transferred
through the protoplanetary disc, then accreted into another
parent body that had incorporated sufficient *°Al to drive
aqueous alteration.

CONCLUSIONS

Rimmed xenoliths in CM chondrites can provide
unique insights into some of the protoplanetary disc’s
earliest formed bodies. The nature of the chondrules and
CAIs in the LAP 02239 xenolith, and the oxygen isotopic
composition of its matrix, indicates that its parent body
accreted in a similar region of the protoplanetary disc as
the CM nursery. However, that body accreted at a very
early stage such that it had been aqueously altered
significantly before construction of the LAP 02239 parent
body. Thus, the LAP 02239 xenolith shows that CC
parent bodies did not accrete and geologically evolve in
lockstep, but rather formed and geologically evolved over
a period of time albeit within the window of *°Al heating.
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