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Abstract

Lewis Cliff (LEW) 85311 is classified as a Mighei-like (CM) carbonaceous chondrite, yet it has some unusual properties
that highlight an unrealised diversity within the CMs, and also questions how many parent bodies are sampled by the group.
This meteorite is composed of rimmed chondrules, chondrule fragments and refractory inclusions that are set in a fine-grained
phyllosilicate-rich matrix. The chondrules are of a similar size to those in the CMs, and have narrow fine-grained rims. LEW
85311 has been mildly aqueously altered, as evidenced by the preservation of melilite and kamacite, and X-ray diffraction
results showing a low phyllosilicate fraction and a high ratio of cronstedtite to Fe, Mg serpentine. The chemical composition
of LEW 85311 matrix, fine-grained rims, tochilinite and P-rich sulphides is similar to mildly aqueously altered CMs. LEW
85311 is enriched in refractory elements and REEs such that its CI-normalised profile falls between the CMs and CVs,
and its oxygen isotopic composition plots in the CV-CK-CO field. Other distinctive properties of this meteorite include
the presence of abundant refractory inclusions, and hundreds of micrometer size objects composed of needle-fibre calcite.
LEW 85311 could come from part of a single CM parent body that was unusually rich in refractory inclusions, but more likely
samples a different parent body to most other members of the group that accreted a subtly different mixture of materials. The
mineralogical and geochemical evolution of LEW 85311 during subsequent aqueous alteration was similar to other CMs and
was arrested at an early stage, corresponding to a petrologic subtype of CM2.7, probably due to an unusually low proportion
of accreted ice. The CM carbonaceous chondrites sample multiple parent bodies whose similar size and inventory of accreted
materials, including radiogenic isotopes, led to a comparable post-accretionary evolution.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

The Mighei-like (CM) meteorites are primitive rocks
that are rich in water and organic molecules and so are par-
ticularly important for understanding the potential for
volatiles to have been delivered to the terrestrial planets
by asteroids and comets (Alexander et al., 2012). CMs have
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spectroscopic affinities to the ~13% of classified asteroids
that belong to the C-complex (DeMeo et al., 2009;
Cloutis et al., 2011). The C-complex includes B, C, Cb,
Cg, Cgh and Ch types, which are most common in the outer
part of the main asteroid belt, and ~60% of them have
spectroscopic signatures of hydrated silicates (Burbine,
2017). Current exploration of the near-Earth asteroids
Bennu and Ryugu will greatly enhance our understanding
of the links between carbonaceous chondrites and their par-
ent bodies. Bennu is a B-type asteroid with a hydrated sur-
face and has spectroscopic affinities to the highly aqueously
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altered CMs (Hamilton et al., 2019). Reflectance spectra of
the C-type asteroid Ryugu reveal abundant hydroxyl-
bearing minerals, and its closest analogues are the ther-
mally/shock metamorphosed carbonaceous chondrites
(Kitazato et al., 2019).

The nature and diversity of hydrated carbonaceous
asteroids can also be explored by investigating variability
within the CM meteorites as they are the most abundant
group of carbonaceous chondrites. The CMs are typically
composed of chondrules (~20 vol.%) and refractory inclu-
sions (~5vol.%) that are supported in a fine-grained
matrix (~70 vol.%) (Weisberg et al., 2006). The chondrules
and refractory inclusions characteristically have fine-
grained rims (FGRs) (e.g., Metzler et al., 1992). All of
the CMs have undergone parent body aqueous alteration
(e.g., McSween, 1979a,b; Bunch and Chang, 1980;
Barber, 1981). Phyllosilicates are the most abundant alter-
ation product; they comprise 56-91 vol.% of the bulk rock
(Howard et al., 2009, 2011, 2015; King et al., 2017) and are
the main constituent of the matrices and FGRs. The most
reactive of the original components, namely mesostasis
glass in chondrules, melilite in refractory inclusions, and
amorphous material in the matrix and FGRs, is preserved
only in the most mildly altered CMs including Yamato (Y)
791198, Paris, Elephant Morraine (EET) 96029 and Jbilet
Winselwan (Chizmadia and Brearley, 2008; Hewins et al.,
2014; Rubin, 2015; Lee et al., 2016; King et al., 2019).
The variability in the degree of aqueous alteration of the
CMs must reflect differences between parent body regions
in properties such as: (i) the initial ratio of anhydrous
material (silicate, sulphide, metal) to water ice; (ii) proxim-
ity to regions of fluid flow (e.g., Palguta et al., 2010); (iii)
the duration and/or temperature of alteration, which may
in turn relate to depth in the body or the intensity/fre-
quency of collisional processing (Rubin, 2012; Hanna
et al., 2015). Members of the CM group could therefore
have been sourced from different locations within a single
parent body (e.g., the more altered CMs could have come
from deeper in the parent body where temperatures were
higher), or from two or more bodies that may have evolved
in contrasting ways (controlled for example by their size,
initial abundance of short-lived radionuclides or shock
history).

Here we ask whether Lewis Cliff (LEW) 85311 can help
to define the extent of heterogeneity of a single CM parent
body, or provide new insights into the diversity of multiple
hydrated carbonaceous chondrite parent bodies with CM-
affinities. This meteorite has come to our attention because
its bulk chemical composition suggests that it is a mildly
aqueously altered CM (Xiao and Lipschutz, 1992;
Alexander et al., 2013; Friedrich et al., 2018) whereas its
bulk oxygen isotopic composition indicates that it is an
anomalous carbonaceous chondrite (Clayton and
Mayeda, 1999; Choe et al., 2010). We have therefore under-
taken a petrographic, mineralogical, chemical and isotopic
study of LEW 85311 with a focus on understanding the
variety of materials that were accreted, and the nature of
subsequent parent body processing. In tandem, we have
analysed a suite of CMs in order to provide a benchmark
for interpreting the results from LEW 85311.

2. MATERIALS AND METHODS
2.1. Meteorites studied

LEW 85311 was recovered by ANSMET in 1985, and is
paired with LEW 85306, 85309 and 85312. It has a mass of
199.5 g, a weathering grade of Be and a shock stage of S1
(Scott et al., 1992; Grossman, 1994). LEW 85311 is classi-
fied as CM2 (Antarctic Meteorite Newsletter 2008, vol.
31). This study used three polished thin sections (LEW
85311,31 (~11 x 14 mm); LEW 85311,39 (~11 x 8 mm);
LEW 85311,90 (~9 x 7mm)) and a 2.921 g chip (LEW
85311,84). Fifteen CMs were also studied for comparison
with LEW 85311. They are listed in Table 1, along with
their petrologic type (i.e., degree of aqueous alteration) rel-
ative to three classification schemes. None of these CMs
have undergone significant post-hydration heating
(Alexander et al., 2013).

2.2. Scanning and transmission electron microscopy

Each thin section was coated with a thin layer of carbon
then studied using a Zeiss Sigma field-emission scanning
electron microscope (FEG-SEM) operated at high vacuum.
The Sigma is equipped with an Oxford Instruments XMax
silicon-drift energy-dispersive X-ray spectrometer (EDX)
operated through Oxford Instruments AZtec/INCA soft-
ware. Backscattered electron (BSE) images were obtained
at 20 kV/~1 nA. Point counting was undertaken by travers-
ing the thin sections using the stepwise stage movement
function. The apparent diameters of chondrules and refrac-
tory inclusions were determined from BSE images. The
apparent diameter of these objects is expressed as: (long
axis + short axis)/2, where the short axis is the diameter
of the chondrule/refractory inclusion taken mid way along
its length. Apparent FGR thickness was calculated as:
(chondrule apparent diameter with FGR - chondrule
apparent diameter without FGR)/2. X-ray maps were
acquired from entire thin sections and from individual
objects at 20 kV/3 nA and a 1024 x 768 pixel resolution,
with the spectra being processed using AZtec. Quantitative
chemical analyses were acquired using the Sigma operated
at 20 kV/2 nA, with beam currents monitored using a Fara-
day cup. Spectra were acquired for 60 seconds, and quanti-
fied using INCA software. Calibration used the following
mineral standards, with typical detection limits (wt.% ele-
ment) 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), Cl, tugtupite (0.12), K, orthoclase
feldspar (0.12); Ca, wollastonite (0.10); Ti, rutile (0.18);
Cr, chromite (0.22); Mn, rhodonite (0.25); Fe, garnet
(0.26); Ni, Ni metal (0.38). Co was not quantified owing
to a peak overlap with Fe.

Electron-transparent foils for transmission electron
microscopy (TEM) and scanning transmission electron
microscopy (STEM) were cut and extracted from selected
parts of the thin sections using a FEI duomill Focused
Ion Beam (FIB) instrument operated using 30 kV Ga™ ions
and over a range of beam currents during the milling
process (Lee et al., 2003). Foils were initially milled to a
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Table 1
Meteorite samples studied.

Meteorite Fall or find/location/year Weathering grade Petrologic (sub)type

Rubin' Alexander’ Howard®
Allan Hills (ALH) 83100 Find/Antarctica/1983 Be 2.1 1.1 1.2
Allan Hills (ALH) 83102 Find/Antarctica/1983 B/Ce 2.1 1.1 1.2
Cold Bokkeveld Fall/South Africa/1838 n.a. 2.2 1.3 1.4
D’Angelo Bluff (DNG) 06004 Find/Antarctica/2006 B - 1.8 1.7
Dominion Range (DOM) 08013 Find/Antarctica/2008 B/C - 1.8 1.5
LaPaz Icefield (LAP) 02239 Find/Antarctica/2002 B - 1.7 1.47
Lewis Cliff (LEW) 85311 Find/Antarctica/1985 Be 2.6-2.7* 1.9 1.7
MacKay Glacier (MCY) 05230 Find/Antarctica/2005 B - 1.8 -
Meteorite Hills (MET) 01075 Find/Antarctica/2001 B — 1.5 1.3%
Mighei Fall/Ukraine/1889 n.a - 1.6 1.4
Murchison Fall/Australia/1969 n.a 2.5 1.6 1.5
Murray Fall/USA/1950 n.a 24/2.5 1.5 1.5
Nogoya Fall/Argentina/1879 n.a 2.2 1.1/1.6 1.2/1.4
Queen Alexandra Range (QUE) 97990 Find/Antarctica/1997 Be 2.6 1.7 1.6
Queen Alexandra Range (QUE) 99355 Find/Antarctica/1999 B 2.3 1.5 -
Scott Glacier (SCO) 06043 Find/Antarctica/2006 B/Ce 2.0° 1.1/1.2 1.2

— not determined.
n.a. not applicable as it is a fall.
! Rubin et al. (2007).
2 Alexander et al. (2013).
3 Howard et al. (2009, 2011, 2015).
4 Tentative classification (Choe et al. 2010).

3 This meteorite is a CM1, and so equivalent to CM2.0 of Rubin et al. (2007).
® LEW85312 is paired with LEW 85311 and has petrologic type of 1.8.

7 Measured for the present study.
8 Lee et al. (2019a,b).

thickness of ~1 pm, then extracted using an in-situ micro-
manipulator and welded to the tines of a Cu grid using
ion and electron beam deposited platinum. They were then
milled to ~100 nm thickness and loaded into a double-tilt
goniometer holder. Bright-field images and selected area
electron diffraction (SAED) patterns were acquired using
a FEI T20 TEM operated at 200 kV. High angle annular
dark-field (HAADF) imaging and quantitative X-ray
microanalysis used a JEOL ARM200F field-emission
STEM operated at 200 keV. For the analyses the ARM
was operated with a 182 pA probe current and spectra were
acquired and processed using a Bruker 60 mm* SDDEDX
spectrometer operating Esprit V2.2 software.

2.3. X-ray diffraction (XRD)

A ~85 mg chip of LEW 85311 was powdered using an
agate mortar and pestle. Approximately 50 mg of the pow-
der was then packed into an aluminium sample well and
analysed using an INEL X-ray diffractometer (XRD) with
a curved 120° position sensitive detector (PSD) at the Nat-
ural History Museum (NHM), London. Copper K,; radia-
tion was selected and XRD patterns were collected from the
meteorite sample for 16 hours, throughout which time it
was rotated. Standards of all minerals identified (except
tochilinite as we do not have a pure sample) in LEW
85311 were analysed for 30 min. Modal mineral abun-
dances were determined using a profile-stripping method
that has now been applied to >30 CM chondrites (e.g.

Howard et al. 2015; King et al. 2017). Briefly, the XRD pat-
tern of each mineral standard was scaled to the same mea-
surement time as the meteorites (i.e., x32 for 16 h). The
standard pattern was then reduced in intensity until it
matched the intensity in the meteorite patterns, at which
point it was subtracted to leave a residual pattern. After
subtracting all of the mineral standards there were zero
counts in the residual, and the fit factors were corrected
for relative differences in X-ray absorption to give their
final volume fractions in LEW 85311.

2.4. Oxygen isotopic analysis

Oxygen isotopic analysis of LEW 85311 was undertaken
by infrared laser fluorination at the Open University (Miller
et al., 1999; Greenwood et al., 2017). When analysing pre-
dominantly anhydrous samples it is normal procedure to
reduce the system blank by flushing the chamber with at
least two aliquots of BrFs, each held in the chamber for
20 min. However, for samples that contain a significant
proportion of phyllosilicates, such as CMs, this protocol
can be problematic as it may result in preferential reduction
in the hydrated silicate fraction prior to the high tempera-
ture fluorination step. This is because phyllosilicates can
react with BrFs at low temperature during this blank reduc-
tion procedure. To minimise this problem, LEW 85311 was
run in “single shot” mode, with only one standard and one
aliquot of LEW 85311 loaded at a time (Schrader et al.,
2014). This involved a four-stage procedure: (1) a 5 min
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BrFs measured blank was run prior to the analysis of LEW
85311, (2) a single ~2 mg aliquot of the meteorite was then
analysed, (3) a second 2 min measured blank was conducted
after this analysis and finally (4) the isotopic composition of
the internal obsidian standard was then measured. After
fluorination, the O, gas released was purified by passing it
through two cryogenic nitrogen traps and over a bed of
heated KBr. The isotopic composition of the purified oxy-
gen gas was then analysed using a Thermo Fisher MAT
253 dual inlet mass spectrometer (mass resolving power
~200). Interference at m/z =33 by NF' was monitored
by performing scans for NF5 on the sample gas following
initial analysis. As NF3 was below interference levels no
further sample treatment was required.

Analytical precision (2c) for the Open University sys-
tem, based on replicate analyses of an internal obsidian
standard, is +0.05%o for §'70; 40.09%o for §'%0; 40.02%o
for A0 (20) (Starkey et al., 2016). Oxygen isotopic anal-
ysis for LEW 85311 are reported in standard & notation,
where §'%0 has been calculated as: §'%0 = [("*0/"°0)sampie/
("80/'0),er — 1] % 1000 (%0) and similarly for 3'’O using
the 'O /'°O ratio, the reference being Vienna Standard
Mean Ocean Water (VSMOW). For the purposes of com-
parison with the results of Clayton and Mayeda (1999)
A0, which represents the deviation from the terrestrial

fractionation line, has been calculated as:
A0 =380 - 0.52 x §'%0.
3. RESULTS

3.1. Bulk chemical and oxygen isotopic composition

Bulk samples of LEW 85311 and LEW 85312 have been
chemically and isotopically analysed by Xiao and Lipschutz
(1992), Choe et al. (2010), Alexander et al. (2012, 2013),
Friedrich et al. (2018) and Mahan et al. (2018) (Supplemen-
tary Table Al). These datasets can be used to assess the
affinity of LEW 85311 to other carbonaceous chondrite
groups. The ratio of elements with different volatilities is
taxonomically indicative, namely highly volatile (Zn) to
moderately volatile (Mn) and refractory (Sc) (i.e., Sc¢/Mn
and Zn/Mn) (Kallemeyn and Wasson, 1981; Friedrich
et al., 2018) (Table 2). Using these ratios, Friedrich et al.
(2018) place LEW 85311 within the range of 15 CMs that
they had also analysed. However, data in Choe et al.
(2010) and average Sc/Mn and Zn/Mn values from all of
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the previous studies plot slightly outside of this range,
although still much closer to the CMs than other carbona-
ceous chondrite groups (Table 2). The Cl-normalised ele-
mental composition of LEW 85311 is comparable to Paris
(here chosen as representative of a mildly aqueously altered
CM) for elements with 50% condensation temperatures less
than Nb (1559 K), whereas the more refractory elements
and most REEs plot between Paris and the CV carbona-
ceous chondrites (Fig. 1, Supplementary Table Al).

The bulk oxygen isotopic composition of LEW 85311
was originally determined by Clayton and Mayeda (1999).
They classified LEW 85311 as an ungrouped carbonaceous
chondrite (C2) on the basis of its “‘exceptional” oxygen iso-
tope composition, but noted that “volatile and labile trace
elements in LEW 85311 are typical of CM2 chondrites
(Xiao and Lipschutz, 1992).” In addition, the matrix sepa-
rate of LEW 85311 that was analyzed by Clayton and
Mayeda (1999) plots within the CM2 field (Fig. 2), provid-
ing evidence for a possible genetic link between LEW 85311
and the CMs. The bulk oxygen isotope analysis of LEW
85311 undertaken for the present study is richer in '°O than
that of Clayton and Mayeda (1999) and plots well inside the
CV-CK-CO field (Greenwood et al., 2010; Alexander et al.,
2018) (Fig. 2, Table 3).

3.2. XRD modal mineralogy

The XRD pattern and modal mineralogy of LEW
85311,84 is comparable to the least altered CMs (Table 4).
It has a phyllosilicate fraction (PSF) of 0.67 (where
PSF = total phyllosilicate/(total anhydrous silicate + total
phyllosilicate)), corresponding to type 1.7 on the classifica-
tion scheme of Howard et al. (2009, 2011, 2015). LEW
85311 stands out from those CMs whose modal mineralogy
has been quantified using XRD by virtue of its relatively
high abundance of Fe,Ni metal (0.3 vol.%), scarcity of sul-
phide (0.5 vol.%), absence of calcite, low PSF and high
ratio of cronstedtite to Fe, Mg serpentine (Fig. 3).

3.3. Petrography and mineralogy

The constituents of LEW 85311,39 as determined by
SEM point counting are (invol.%, n=848): matrix
(39.9); FGRs (30.7); chondrules, chondrule fragments and
refractory inclusions (29.2) (Fig. 4). Calcite-rich objects
comprise 0.2 vol.%, in agreement with the low abundance

Table 2
Mn, Sc and Zn element composition of LEW 85311 compared to the CMs.

LEW 85311' LEW 85311° LEW 85311° LEW 85312* Average' ™ CMs (n = 15)°
Sc (ng/g) n.a. 7.6 7.36 n.a. 7.5 6.99-8.96
Mn (ng/g) n.a. 1880 1690 n.a. 1785 1460-1870
Zn (pg/g) 179 151 203 1554+ 17 172 171-242
Sc/Mn x 1000 (at) - 4.9 5.3 - 5.1 5.2-6.5
Zn/Mn x 100 (at) - 6.8 10.1 - 8.1 8.6-11.1

n.a. — not analysed.
! Xiao and Lipschutz (1992).
2 Choe et al. (2010).
3 Friedrich et al. (2018).
4 Mahan et al. (2018).
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Fig. 1. The chemical composition of LEW 85311 normalised to CI (Ivuna) and Fe. The main graph elements are arranged in order of 50%
condensation temperature (Lodders, 2003), decreasing to the right. The inset shows REE in Z order, also normalized to CI and Fe. Data from
Paris (CM2.7) and the median of three CVs are plotted for comparison. Ivuna, Paris and the CV data are from Braukmiiller et al. (2018) (note
that Paris contains lithologies with different degrees of aqueous alteration, but the relationship of the sample analysed to these lithologies is
unknown). LEW 85311 data are from Xiao and Lipschutz (1992), Choe et al. (2010), Friedrich et al. (2018) and Mahan et al. (2018)
(Supplementary Table Al). An average value has been used where the same element was measured in two or more these studies.
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Fig. 2. Bulk oxygen isotopic composition of a subsample of LEW
85311,84 analysed in the present study compared to the data of
Clayton and Mayeda (1999) (C&M). NWA 5958 (C2-ung) is also
plotted (Jacquet et al., 2016). TFL — Terrestrial Fractionation Line.
CCAM - Carbonaceous Chondrite Anhydrous Mineral. CV-CO-
CK data from Greenwood et al. (2010) and Alexander et al. (2018).

Table 3
Oxygen isotopic composition of LEW 85311 and NWA 5958
(C2-ung).

LEW 85311 NWA 5958
The present Clayton and
study Mayeda'

3170 (%o) —5.98 -2.98 —3.25

3'%0 (%o) -2.07 1.21 1.92

A0 (%o) —4.90 —3.61 —4.26

! Clayton and Mayeda (1999, Table 5).
2 Mean of 3 analyses (Jacquet et al., 2016).

of this mineral as revealed by XRD. Table 5 lists point
counting results from eight CMs for comparison.

3.3.1. Chondrules and chondrule fragments
A previous study of LEW 85311 found that it contains
barred olivine (BO), porphyritic olivine (PO), porphyritic

Table 4

Modal mineralogy of LEW 85311,84 (vol.%).

Cronstedtite 37.8
Mg-serpentine 27.0
Olivine 214
Enstatite 10.1
Sulphate 1.7
Magnetite 1.2
Fe-sulphide 0.5
Metal 0.3
Carbonate n.d.
Phyllosilicate fraction (PSF) 0.67
Cronstedtite/Mg-serpentine 1.40
Petrologic type 1.7

Determined by XRD.
n.d. — not detected.

olivine—pyroxene (POP) and porphyritic pyroxene (PP)
chondrules with an average apparent diameter of 190 pm
(n=100) (Choe et al., 2010) (Fig. 5). The 72 chondrules
and chondrule fragments measured for the present study
have an approximately log-normal distribution (Supple-
mentary Fig. Al) with an average apparent diameter of
213 + 153 pm. Chondrule fragments comprise one or sev-
eral grains of olivine, pyroxene and/or Fe,Ni metal. Both
intact and fragmented chondrules have FGRs. Fayalitic oli-
vine in type II chondrules is very similar in composition to
olivine in type II chondrules from Paris (CM) and Acfer
094 (C2-ung) (Supplementary Table A2). Olivine and
pyroxene grains in intact chondrules are typically pristine,
whereas in a few cases grains of fayalitic olivine within
chondrule fragments have been partially replaced by phyl-
losilicates along their contact with the enclosing FGR
(Fig. 5e and f). No chondrule mesostasis glass has been pre-
served, and in its place are pores, porous arrays of pyroxene
crystallites or phyllosilicates (Fig. 5b). Chondrules can also
contain rounded pores tens of micrometres in diameter
(Fig. 5c).
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Fig. 3. The modal mineralogy of LEW 85311, as determined by
XRD, compared to 36 CMs that have been analysed previously
(Howard et al., 2009, 2011, 2015; King et al. 2017). The number of
CMs with an above zero abundance of each mineral is indicated on
the right hand side. Sulphates have not been included as they may
be products of terrestrial weathering (Lee, 1993).

Many type I chondrules contain ‘nuggets’ of kamacite,
which have an average composition of Fegy 3Nis,Crg4 (11
analyses from five chondrules) (Fig. 5a). These kamacite
grains have been partially or near-completely altered, and
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two compositionally and petrographically distinct types of
alteration products are recognized: (i) Fe-rich/S-rich, which
form a narrow rim to kamacite grains and also penetrate
into their interior; (i) Fe-rich/S-poor, which occur as a con-
centrically laminated mantle and veins extending from the
mantle into the FGR (Fig. 6). The Fe-rich/S-rich material
is dominated by Fe, Ni and S, and gives low analytical
totals (Table 6). It is compositionally comparable to
tochilinite that has formed by the alteration of kamacite
in CM carbonaceous chondrites (Table 7) (Tomeoka and
Buseck, 1985; Palmer and Lauretta, 2011). LEW 85311
tochilinite is closer in composition to tochilinite in the
mildly altered CMs than in the more highly altered mete-
orites (Table 7). The Fe-rich/S-poor mantles yield low ana-
lytical  totals  (~79 wt.%)  suggesting  significant
concentrations of unanalyzed OH/H,O (although other ele-
ments such as carbon, and porosity, can also contribute to
the low totals) (Table 6). The detection of CI suggests that
akaganéite (B-FeOOH) is present. Akaganéite is a common
weathering product of Antarctic iron meteorites and ordi-
nary chondrites (Buchwald and Clarke, 1989) where it has
the following compositional range (wt.%): Fe (39-60), Ni
(0.5-19, with 3-5 being typical); CI (0.3-5.4); S (0-2). Most
analyses of LEW 85311 Fe-rich/S-poor mantles are within
the range of Antarctic akaganéite (wt.%): Fe (38-54), Ni

Fig. 4. BSE image (a) and multi-element X-ray map (Mg red, Al blue, Ca green) (b) of LEW 85311,90. The colour coding of (b) renders type I
chondrules red, refractory inclusions light blue, calcite green, and the matrix and FGRs dark red. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 5

Abundance (vol.%) of the three main constituents of LEW 85311 compared to eight CMs.

Objects FGRs Matrix' Matrix/FGR n Petrologic type’
LEW 85311 29.4 30.7 39.9 1.3 848 1.9
DNG 06004 33.7 13.9 524 3.8 700 1.8
DOM 08013 37.0 23.5 39.6 1.7 230 1.8
MCY 05230 30.0 233 46.7 2.0 180 1.8
QUE 97990 36.1 18.2 45.7 2.5 269 1.7
LAP 02239 29.3 14.5 56.1 3.9 399 1.7
MET 01075 14.6 6.5 78.9 12.1 403 1.5
QUE 99355 20.2 9.9 70.0 7.1 233 1.5
Cold Bokkeveld 13.5 4.0 82.5 20.6 252 1.3

Determined by SEM point counting.

Objects are chondrules, chondrule fragments and refractory inclusions.

n — number of points counted.
! Includes calcite grains.
2 Alexander et al. (2013).



230 M.R. Lee et al./Geochimica et Cosmochimica Acta 264 (2019) 224-244

Fig. 5. BSE images of chondrules and chondrule fragments, and their enclosing radially fractured and micropore-rich FGRs. (a) POP
chondrule in LEW 85311,31. Between the grains forsterite and enstatite (mid-grey) are small crystals of Ca-rich pyroxene (light grey;
Ens4WoysFs;). Nodules of kamacite (white) have been partially replaced by tochilinite (mid-grey). (b) POP chondrule in LEW 85311,31.
Between the grains of forsterite and enstatite (mid-grey) are small crystals of Ca-rich pyroxene (EnssWo3gFs;). Dissolution of the mesostasis
has left micropores (black) with skeletal crystallites. (c) PO chondrule in LEW 85311,39. Some of the fayalitic olivine crystals are zoned and
the chondrule has a significant internal porosity (black). (d) BO chondrule in LEW 85311,31. The small high-Z grains are Fe-sulphide.
Between crystals of fayalitic olivine (Fo,s.56) are pyroxenes (En;gsWo Fsg). (¢) A grain of fayalitic olivine (Ol) in LEW 85311,39. (f) Detail of
the contact of fayalitic olivine with its FGR (boxed area in (e)). The olivine has been partially replaced by phyllosilicate (Ph), probably
cronstedtite. The high-Z (white) grains are Fe-sulphide.

Fig. 6. BSE images of altered kamacite (K). (a) A grain in LEW 85311,31 enclosed by a FGR. Tochilinite (mid-grey) embays the outer edges
of the kamacite grain and extends into its interior (arrowed). (b) A grain in LEW 85311,39 that has a thick and concentrically laminated
mantle of Fe-rich/S-poor alteration products. Veins of the same material cross-cut the FGR (arrowed).
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Table 6
Chemical composition (wt.%) of Fe- and S-bearing alteration products in LEW 85311 kamacite grains, calcite-rich objects and veins.
Fe-rich/S-poor Fe-rich/S-rich
Kamacite hosted Kamacite hosted Calcite-rich object hosted Vein hosted
SiO, 0.81 +0.61 3.03+0.95 6.31 +0.50 5.53+1.46
ALO; 0.12+0.19 0.63 +0.15 0.83 +0.07 0.68 £ 0.20
Cr,05 1.33+£0.76 248 +1.43 d.L 2.14+0.33
Fe,O; 65.35+4.58 55.14 +£3.11 58.92 +3.96 58.08 +1.83
NiO 4.45 £ 1.08 8.81 +£0.85 6.30 +0.84 6.23 +0.02
MgO 0.70 £ 0.48 291 +0.44 2.19£0.19 2.09 +0.21
CaO 0.26 +£0.24 1.33+0.24 1.19 +0.48 0.52+0.17
Na,O 0.55+0.25 d.l. 0.12+0.10 0.50 £+ 0.04
P,05 1.13+£0.43 n.a. 1.59 + 0.58 2.06 + 0.25
Cl 0.69 £+ 0.53 n.a. 0.13+0.10 0.24 £0.02
S 3.97+2.39 16.88 £ 1.68 12.90 £ 0.96 8.17+£2.55
Total 79.37 91.56 90.55 86.25
n 26 5 15 2

K, Ti and Mn were sought, but below detection limits (d.l.).
n.a. — not analysed.

+ One standard deviation.

Individual analyses provided in the supplementary data.

Table 7
Chemical composition (atomic) of Fe-rich/S-rich alteration products in kamacite grains from LEW 85311 and four CMs.
Mg/(Mg + Fe) Ni/(Fe +S) Petrologic type’
LEW 85311,31" 0.10 £+ 0.02 0.10 £ 0.01 1.9
Murchison’ 0.12 0.12 1.6
Murray’ 0.12 0.11 15
Cold Bokkeveld” 0.20 0.09 1.3
Nogoya® 0.18 0.05 1.1/1.6

+ One standard deviation.

! Mean of five analyses of alteration products in two kamacite grains.

2 Palmer and Lauretta (2011, Table 2).
3 Alexander et al. (2013).

(2-6), C1(<0.1-2), S (<0.1-12). The main difference to aka-
ganéite in Buchwald and Clarke (1989) is a wider range of
S, although only a few analyses have high S concentrations
(Fig. 7). The low Cl values probably reflect an intergrowth
of akaganéite with Cl-free goethite (Buchwald and
Clarke, 1989).

3.3.2. Refractory inclusions

In order to assess the abundance, mineralogy and degree
of preservation of refractory inclusions, those occurring in a
0.28 cm? area of LEW 85311,90 were studied in detail
(Fig. 8a—c). This area contains 41 inclusions (146/cm?).
They have an apparent diameter of 20-402 um (average
105 £+ 88 pm) and an aspect ratio of 1.2-6.5 (average 2.5
4+ 1.2). The mineralogy and structure of all inclusions
occurring in a 0.08 cm® part of the mapped region was
determined. This area contains 15 inclusions. Seven of them
are dominated by spinel and pyroxene (Fig. 8a), four by spi-
nel and perovskite (Fig. 8b), and each of the others contains
one refractory mineral (spinel, perovskite, pyroxene,
gehlenite; Fig. 8c). Most of the inclusions are porous and
contain phyllosilicates (e.g., Fig. 8b); the gehlenite grain

has been partially replaced by coarse grained phyllosilicate
(Fig. 8c). Among the 15 inclusions are five morphological
types (after Rubin 2007): five banded, three nodular, two
simple, three simple distended and two complex distended.

In addition to occurring in LEW 85311,90, gehlenite is
present in a refractory inclusion in LEW 85311,39, where
it is accompanied by spinel, perovskite, pyroxene and Ca-
carbonate (Fig. 8d and e). Its empirical formula is Ca, oAl s-
Mg ,Si; ;07 (average of two analyses). The presence of
pores surrounding the gehlenite, and the occurrence of small
relict gehlenite grains (Fig. 8e) suggests that it has survived
partial dissolution. Melilite-bearing refractory inclusions
were also described from LEW 85311 by Simon et al.
(2005). They found two inclusions where melilite mantles
hibonite, and this relationship was interpreted to show that
the melilite formed earlier. Although most LEW 85311re-
fractory inclusions are comparable in mineralogy and mor-
phology to those in the CMs (Rubin et al., 2007), the LEW
85311,31 thin section contains a rare forsterite chondrule
enclosing a simple spinel-perovskite refractory inclusion
(Fig. 8f). Reaction of forsterite with spinel has formed a
high-Z material that is rich in O, Al, Si, Ca and Ti (Fig. 8f).
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Fig. 7. The compositions (at.%) of Fe- and S-bearing phases
hosted in LEW 85311 calcite-rich objects, kamacite grains, a Fe-
rich vein and the matrix. All analyses of the material within the
calcite objects, Fe-rich vein, kamacite nuggets and matrix (except
P-rich sulphide) plot along a line (Fe + S)90.95sNijo.5. The grey oval
delineates the compositional range of tochilinite after kamacite in
CM chondrules (Palmer and Lauretta, 2011). LEW 85311 pent-
landite and pyrrhotite data are from Kimura et al. (2011) whereas
the composition of kamacite is from the present study.

3.3.3. Calcite-rich objects

Most LEW 85311 Ca-carbonate occurs as meshworks of
needle-fibre crystals, which are present in all three thin sec-
tions and most abundant in LEW 85311,39. This
Ca-carbonate occurs in two petrographic contexts: (i) small
(10 s pm) patches within chondrules and chondrule frag-
ments (Fig. 9a—e); (ii) the main constituent of relatively
large (>~100 pum) rounded, irregular or elongate objects
that have a FGR (Fig. 10). The needle-fibre crystals were
identified as calcite by SAED. On average they are
~18 um in length by 2 um in width. Individual fibres are
aggregates of ~1 um wide acicular crystals (Fig. 9d and
f). The fibres may be straight or curved, sometimes to such
an extent that they are almost circular (Fig. 9d). Most fibres
are oriented randomly relative to each other, although
those at the edges of the meshworks may be aligned with
their long axes roughly parallel to each other in a radiating
or palisade structure (Fig. 9b). TEM shows that the fibres
have a low defect density and no inclusions (Fig. 9f).

In almost all objects the needle-fibre calcite is associated
with one or more Fe- and Cr-rich minerals (kamacite,
Fe-sulphide, schreibersite, P-rich sulphide, eskolaite)
(Figs. 9 and 10) (Supplementary Table A3). The kamacite
grains are usually rimmed or cross-cut by Fe-rich/S-rich
alteration products whose composition is similar to
tochilinite after kamacite (Table 6). The average formula
for the P-rich sulphides is Fe, ¢Ni, »S;,Pg ¢ (normalized to
Fe = 2; n =9 analyses), which is similar to P-rich sulphides
elsewhere in LEW 85311 that were analysed by Nazarov
et al. (2009) (Table 8). Fe-sulphide, schreibersite and esko-
laite crystals tend to be present at the margins of the mesh-
works, whereas the tochilinite and P-rich sulphide occur
within them (Figs. 9a, b, e and 10).

3.3.4. Fe-rich veins

Two Fe-rich veins occur in LEW 85311,31 (Fig. 11). One
is 500 um in length by 15 pum in width and has a FGR
(Fig. 11a). It contains grains of kamacite, Fe-sulphide and
schreibersite in a matrix of a Fe-rich/S-rich material that
is comparable in composition to tochilinite after kamacite
in LEW 85311 chondrules (Table 5, Supplementary
Table A3). The other vein is partly wrapped around a chon-
drule fragment and is composed solely of tochilinite and P-
rich sulphide (Fig. 11b).

3.3.5. Matrix and FGRs

LEW 85311 matrix and FGRs yield low analytical totals
that are consistent with a phyllosilicate-rich mineralogy
(Supplementary Table A4). Both components plot within
the ‘serpentine field’ of a ternary diagram, and specifically
between end-member serpentine, and LEW 85311 cronst-
edtite and tochilinite-cronstedtite intergrowths (TCls)
(Fig. 12). The matrix and FGRs have a lower Mg/(Mg
+ Fe) than the bulk meteorite (Fig. 12). Comparison of
LEW 85311 matrix and FGR compositions with 13 CMs
also analysed for the present study show a comparable pat-
tern of depletion and enrichment, with LEW 85311 being
compositionally closest to those CMs that have been mildly
aqueously altered (Supplementary Fig. A2). The MgO/FeO
ratio of CM matrices is informative about CM parent body
history as it increases with progressive aqueous alteration
(McSween, 1987). The value for LEW 85311 (0.33) is lower
than the CM2.7 meteorite Paris (0.39) (Supplementary
Table A4).

The apparent thickness of FGRs on chondrules and
chondrule fragments ranges from 15 to 101 um (average
37 £ 25 um, n = 72), and is positively correlated with their
diameter (R2=0.73, slope=0.14) (Supplementary
Fig. A3). FGRs have a sharp contact with the matrix and
are distinguished from it by a lower Fe/Si ratio (Supple-
mentary Table A4) and a finer and more homogeneous
grain size (Fig. 13a). Despite being more compact than
the matrix, FGRs characteristically contain fractures and
micropores (Fig. 13b). Fractures are typically oriented nor-
mal to the outer edge of the host object and pinch out
towards the matrix (Fig. 5). Micropores are an average of
6 um in size and some have a negative crystal shape. They
can occur throughout the FGR, but are usually more abun-
dant closer to the matrix (Fig. 13b). TEM shows that the
FGRs contain silicate and sulphide mineral grains of a
range of sizes, between which are cylindrical TCI and ser-
pentine crystals (Fig. 13c-f).

The matrix contains fine silicate and sulphide grains
together with clumps of phyllosilicates and rare grains of
Ca-carbonate (Fig. 14). Particles ~1 um in size also occur
in the matrix that are similar in size and shape to amor-
phous domains in Y-791198 (Chizmadia and Brearley,
2008) and GEMS grains in Paris (Leroux et al., 2015); they
are thus likely to be composed of amorphous silicate, sul-
phide and metal (Fig. 14b). Locally developed petrofabrics
are evidence for mild ductile compaction of the matrix
(Fig. 11b). TEM and STEM images show that the matrix
contains platy and entangled cylindrical crystals (Fig. 14c
and d). The platy crystals have a chemical composition
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Fig. 8. Refractory inclusions, with morphology classification from Rubin (2007). (a)-(c) BSE images of inclusions from the area of LEW
85311,90 that was studied in detail. (a) A banded spinel (Sp)-diopside (D1i) inclusion contained within a FGR. (b) A simple distended spinel-
perovskite inclusion with a high microporosity (black). The edge of a chondrule is on the right hand side. (c) A simple inclusion comprising a
crystal of gehlenite (Gh) whose edges have been etched and partly replaced by phyllosilicates (Ph). (d) X-ray map overlain on a BSE image of a
simple inclusion in LEW 85311,39. The X-ray map has been coloured as follows: Mg light green, Si purple, Ca yellow, Fe light blue. This
colouration highlights the main minerals: spinel (Sp, dark green), gehlenite (Gh, orange) and Ca-carbonate (Cc, light green). Part of another
refractory inclusion is at the bottom of the image (arrowed). (¢) BSE image of the left hand part of the inclusion in (d), highlighting the
relationship of gehlenite to spinel and porosity (black). The arrows highlight two small grains of gehlenite. (f) Forsterite (Fo) chondrule in
LEW 85311,31 that has a spinel (Sp)-perovskite refractory inclusion at its core. The selvage of high-Z material between the refractory
inclusion and the forsterite (arrowed) is rich in Al, Si, Ca and Ti. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

close to that of cronstedtite in Paris (Table 9), and such a
mineralogy is consistent with their ~0.7 nm lattice fringe
spacing (Fig. 14d). The cylindrical crystals are intermediate
in composition between cronstedtite and tochilinite
(Table 9) and so are inferred to comprise an intergrowth
of both minerals (i.e., type II TCI; Tomeoka and Buseck,
1985; Pignatelli et al., 2017). Although TCI has been iden-
tified within the matrix by TEM, the tens of micrometer size
TCI clumps that characterize CM matrices are absent (as
also noted by Choe et al., 2010).

4. DISCUSSION
Our petrographic, mineralogical, chemical and isotopic

results show that LEW 85311 has both similarities and
differences to the CMs. Below we describe the geological

history of LEW 85311 and evaluate its affinity to the CM
group through a discussion of the material that was
accreted, and its subsequent mineralogical and geochemical
evolution. We then consider the implications of these
results for understanding the nature of its parent body,
and specifically whether LEW 85311 comes from the same
body(ies) as other members of the CM group, or is a piece
of a different, and maybe previously unsampled, hydrated
C-complex asteroid.

4.1. LEW 85311 geological history

4.1.1. Accreted material

The LEW 85311 parent body was formed by accretion
of coarse-grained objects (chondrules, chondrule frag-
ments, refractory inclusions), a fine-grained matrix, and
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Fig. 9. Calcite-rich objects. (a)-(e) BSE images. (a) A POP chondrule in LEW 85311,31 that has a patch of needle-fibre calcite protruding from
its upper right hand edge. The rounded black areas within the chondrule are pores. (b) The patch of calcite in (a), which comprises a porous
meshwork of fibres. The white crystals that decorate the boundary between the patch and FGR are Fe-sulphide. The mid-grey material in the
lower part of the patch is similar in chemical composition to tochilinite after kamacite. (c) An object in LEW 85311,90 that is composed of a
large grain of kamacite (white) and a meshwork of calcite fibres. The object has a thick FGR. (d) The calcite fibres in (c), each of which is
composed of a sheath of acicular crystals. (¢) A shard-shaped calcite object in LEW 85311,39 with a FGR. The inset show that it contains
small relict grains of kamacite (K) and its edges are lined by high-Z minerals including eskolaite (Esk) and schreibersite (Sc). (f) Bright-field
TEM image of needle-fibre calcite from LEW 85311,39. Some of the fibres are aggregates of acicular crystals.

probably also water-rich ice. The origin of FGRs on the
coarse-grained objects has been debated, with three pro-
cesses being proposed: (i) accretion of dust within the solar
nebula (e.g., Metzler et al., 1992); (ii) impact compaction of
fine-grained matrix material around chondrules and other
objects within the parent body (e.g., Trigo-Rodriguez
et al., 2006); (ili) aqueous alteration of the host object
(e.g., Sears et al., 1993). Clues to the origin of LEW
85311 FGRs come from their structure and composition.
They have a sharp outer edge, which separates the compact
and equigranular rim material from the more porous and
mineralogically heterogeneous matrix. The FGRs also dif-
fer in chemical composition to the matrix (Supplementary
Table A4), and their apparent thicknesses correlates well
with the apparent diameter of their host objects (Supple-
mentary Fig. A3). We propose that these properties are
inconsistent with an origin by impact compaction, and best

explained by accretion in the solar nebula. This conclusion
agrees with results of an X-ray tomography study of
Murchison FGRs by Hanna and Ketcham (2018). They
also observed that the FGRs are compositionally uniform
across different chondrule types, thus arguing against an
origin by aqueous alteration of their more compositionally
variable host objects. Chondrules, chondrule fragments and
refractory inclusions therefore had FGRs when they were
incorporated into the LEW 85311 parent body.

Relative to eight CMs analysed for the present study
(Table 5), LEW 85311 contains the second lowest propor-
tion of matrix and highest proportion of FGRs. It thus
somewhat resembles the ‘primary accretionary rock’ lithol-
ogy that characterises unbrecciated CMs (Metzler et al.,
1992). The proportion of the meteorite that consists of
chondrules, chondrule fragments and refractory inclusions
(29.4%) is close to the CM average (26.8 vol.%) (Table 5).
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Fig. 10. BSE image (a) and X-ray element maps (b)—(e) of a calcite-rich object in LEW 85311,31 that is enclosed within a FGR. Calcite (C,
mid grey) has been lost from two parts of the object (black), presumably during thin section preparation. The X-ray maps show that P, S, Fe
and Ni are co-located as grains of P-rich sulphide that are intergrown with calcite.

Table 8

Chemical composition (atomic) of P-bearing sulphides in LEW 85311 and six CMs.

S/P (Fe + Ni)/P Fe/Ni Petrologic type’
LEW 853111 3.78 £0.22 4.94 +£0.30 0.94 £0.13 1.9
LEW 853112 3.82+0.80 5.10£0.68 1.07 £ 0.08 1.9
Murchison” 3.36 +£0.84 4.54 +0.80 0.93 £0.22 1.6
Mighei® 8.75£3.00 9.37+£292 1.10 £0.20 1.6
Murray’ 340 £0.52 4.55 +0.59 0.85£0.11 1.5
Cold Bokkeveld® 9.10 +4.14 9.94 + 4.06 1.20 £0.26 1.3
Nogoya’ 12,40 + 6.14 13.20 + 6.01 1214027 1.1/1.6
ALH 83100> 24.83 £5.88 25.17£5.83 1.81 £0.32 1.1

+ One standard deviation.

Individual analyses for LEW 85311 provided in the supplementary data.

IThe present study. Ratios calculated from eight analyses of seven grains in LEW 85311,31 and one analysis of one grain in LEW 85311,90.

2 Nazarov et al. (2009).
3 Alexander et al. (2013).

Fig. 11. BSE images of Fe-rich veins in LEW 85311,31. (a) A vein enclosed within a narrow FGR. Most of the vein is close in chemical
composition to tochilinite. Relict kamacite (white) is indicated by an arrow. (b) A vein composed mainly of tochilinite and P-rich sulphide. It
wraps around a small chondrule fragment in a manner suggesting that its enclosing matrix has undergone ductile deformation.

The size distribution of LEW 85311 chondrules and chon-
drule fragments can potentially provide valuable informa-
tion about this meteorite’s relationship to carbonaceous
chondrite groups. For example, chondrules in CV and
CK meteorites have a larger apparent diameter than those
in COs and CMs (Friedrich et al., 2015). However, the only
data on CM chondrule sizes that was available to Friedrich

et al. (2015) was an analysis of 100 chondrules in Murray,
which have an average apparent diameter of 270
4 240 pm (Rubin and Wasson, 1986). The size distribution
of chondrules and chondrule fragments has recently been
determined for Jbilet Winselwan (CM) (Friend et al.,
2018). Two different lithologies were studied, whose chon-
drules and chondrule fragments were of a similar apparent
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Fig. 12. Chemical composition of LEW 85311,39 matrix and
FGRs (atomic %). The 92 analyses (21 matrix, 71 FGR) all plot
within the oval area, and average matrix and FGR values are
shown. Also plotted is an analysis of cronstedtite and two analyses
of type II TCI from the LEW 85311 matrix (analysed by STEM-
EDX), and the bulk Mg/(Mg + Fe) ratio of LEW 85311 (Si not
measured). The serpentine field is coloured green, and black
squares are stoichiometric mineral compositions. Individual anal-
yses are provided in the supplementary data.

size (141 pm and 149 pm in the two lithologies). Friend
et al. (2018) suggested that the difference between Jbilet
Winselwan and Murray was because Rubin and Wasson
(1986) did not measure chondrule fragments. The apparent
diameter of LEW 85311 chondrules and chondrule frag-
ments (213 + 153 um) falls between Jbilet Winselwan and
Murray, and is much smaller than the CVs and CKs. In
the absence of a larger dataset of the size of CM chondrules
and chondrule fragments, the LEW 85311 measurements
cannot be used to rigorously test the meteorite’s relation-
ship to the CMs. FGRs in LEW 85311 have an average
apparent thickness of 37 um, which is thinner than Jbilet
Winselwan (59-76 um) (Friend et al., 2018). However, the
slope of the correlation between chondrule apparent diam-
eter and FGR apparent thickness is similar between the two
meteorites, implying comparable conditions of rim forma-
tion (LEW 85311 =0.14; Jbilet Winselwan = 0.12-0.18)
(Supplementary Fig. A3).

Fig. 13. Images of LEW 85311,39 FGRs. (a) BSE image of the contact between a FGR (lower right) and the enclosing matrix (upper left).
The FGR contains grains of Fe-sulphide (white) and micropores (black). (b) BSE image of a type I chondrule that has a thick and micropore-
rich FGR. (c) HAADF STEM image showing a relatively large and intact enstatite (En) crystal surrounded by grains of Fe-sulphide (white)
and silicates (grey). Between these crystals are fine TCI fibres. (d) Bright-field TEM image of a similar field of view to (c) with an enstatite (En)
grain surrounded by TCI fibres. (e) Interior of the enstatite (En) crystal in (c) and (d) showing a vein of poorly crystalline phyllosilicate. (f)
Bright-field TEM image of a serpentine-rich area within a FGR.
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Fig. 14. Images of LEW 85311,39 matrix. (a) BSE image of a crystal of Ca-carbonate (Cc) that is rimmed by Fe-rich phyllosilicate (white). (b)
BSE image of an area of matrix that contains ~1 pm size objects with a rounded/bulbous shape that are analogous to GEMS particles; one of
them is delineated by a dashed white line. Micropores (black) occur between the objects. (c) HAADF STEM image showing a mass of type 11
TCI crystals and a platy cronstedtite (Cron) crystal. The black area is porosity. (d) Bright-field TEM image of a different part of the same
sample as (c), again with an intimate intergrowth of type II TCI and cronstedtite. The inset high-resolution TEM image shows the lattice
fringes of cronstedtite.

Table 9
Chemical composition (atomic %) of cronstedtite and type-II TCI in the matrix of LEW 85311,39 compared with cronstedtite and tochilinite
in type-1I TCI from Paris (CM).

LEW 85311 Paris TCI

Cronstedtite TCI TCI Cronstedtite' Tochilinite”
Si 9.1 +0.0 4.7 8.2 9.0+0.8 1.0£0.5
Al 09+0.1 1.3 3.2 1.0+04 0.5+0.3
Fe 25.64+0.7 26.4 23.5 213425 340+25
Ni - 0.9 0.4 n.a. n.a.
Mg 1.1+0.0 23 2.3 31+1.5 23+£0.5
S - 9.0 2.1 n.a. 193+ 1.0
(6] 63.5+0.9 554 60.3 65.6 £ 1.7 425426
Total 100.0 100.0 100.0 100.0 99.6
n 2 1 1 39 25

Analyses by TEM-EDX.
The two analyses of LEW 85311 TCI chosen to illustrate the compositional range.
n.a. — not analysed.
+ One standard deviation.
Individual analyses for LEW 85311 provided in the supplementary data.
! Pignatelli et al. (2017, Table 3). Average of olivine- and pyroxene-hosted.
2 Pignatelli et al. (2017, Table 2). Average of olivine- and pyroxene-hosted.

LEW 85311 refractory inclusions are similar in mineral-
ogy to those that have been described from the CMs
(Greenwood et al., 1994; Rubin, 2007). They are however
smaller on average: 105+ 88 um in LEW 85311 versus
130 £ 90 pm (n =40) and 130 + 80 um (n =37) for the
mildly altered CMs QUE 97,990 and Paris, respectively
(Rubin, 2007, 2015). LEW 85311 refractory inclusions are

considerably more abundant than in the other two CMs
(146/cm” in LEW 85311 vs ~80/cm” in QUE 97990 and
34/cm? in Paris; Rubin, 2007, 2015). This high density of
refractory inclusions is the most likely explanation for
refractory element and REEs composition of LEW 85311,
which falls between Paris and the CVs (Fig. 1). As refrac-
tory inclusions are '®O-rich, their unusually high concentra-
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tion within LEW 85311 may also explain why its bulk oxy-
gen isotopic composition plots within the CV-CO-CK field
(Fig. 2). The difference between our analysis and the bulk
measurement by Clayton and Mayeda (1999) may simply
reflect intra-meteorite heterogeneity in the abundance of
refractory inclusions. The low degree of aqueous alteration
and commensurately low volume of matrix of LEW 85311
(Table 5) could also contribute to its bulk oxygen isotopic
composition because the meteorite’s fine grained matrix
has a considerably higher 870 and 'O value than its
chondrules and refractory inclusions (Clayton and
Mayeda, 1999; Fig. 2). The close similarity in volatile ele-
ment compositions between LEW 85311 and Paris shows
that the two meteorites sample parent body regions that
accreted a similar range of volatile-bearing components,
and that the nature of any fractionation during subsequent
parent body processing was also comparable.

4.1.2. Agents of geological processing

By analogy with the CMs, post-accretionary processing
of the LEW 85311 parent body could have included one or
more of: (i) shock metamorphism; (ii) brecciation; (iii)
aqueous alteration; (iv) post-hydration heating (Brearley,
2006). After falling to Earth the meteorite may also have
been weathered (Lee and Bland, 2004). The S1 shock stage
of LEW 85311 demonstrates that it has not experienced
pressures of >4-5 GPa (Stoffler et al., 1991) so that its
localized and mild petrofabric can be explained by com-
paction accompanying one or more low intensity impacts
(e.g., Lindgren et al., 2015). None of the three thin sections
contains clasts, thus showing that these impacts were suffi-
ciently gentle that there was no brecciation or mixing (i.e.,
deformation was ductile). The intact crystal structures of
tochilinite and serpentine constrain the intensity of heating
that LEW 85311 could have experienced after aqueous
alteration. Estimates of the temperature at which tochilin-
ite breaks down range from 120 °C (Zolensky et al., 1997)
to 300 °C (Tonui et al., 2014), and serpentine starts to
degrade at ~300 °C (Akai, 1992). Kimura et al. (2011) used
metal composition and sulphide texture to explore heating
of the CMs. They placed LEW 85311 in their group “A”,
showing that it had not been significantly heated
before/during aqueous alteration, which would have
affected the Fe, Ni metal, or after aqueous alteration,
which would have been identifiable by the presence of pent-
landite lamellae/blebs in pyrrhotite. This lack of evidence
for heating is also consistent with the unshocked and
unbrecciated nature of LEW 85311 showing that it did
not experience high impact temperatures. We therefore
conclude that water-mediated alteration (parent body
and/or terrestrial) was the main agent of post-
accretionary processing of LEW 85311.

4.1.3. Mechanisms and products of aqueous alteration

The principal evidence for aqueous alteration of LEW
85311 is the dissolution of some original components, and
precipitation of new phases (i.e., phyllosilicates, sulphides,
carbonates). Here we evaluate the nature of the geochemi-
cal reactions, the environments of water/rock interaction,
and similarities to the CMs.

Dissolution of chondrule mesostasis glass has left pore
spaces between phenocrysts, whereas the relatively large
and rounded voids within chondrules may have formed
by dissolution of Fe, Ni metal nuggets. The irregular/-
faceted pores within FGRs were most likely produced by
dissolution of one or more primary minerals (e.g., fayalitic
olivine, metal, sulphide), and the greater abundance of
these pores in outer parts of the rims may indicate that flu-
ids responsible were hosted in the matrix. There is no evi-
dence to determine the environment of chondrule and
FGR dissolution (i.e., parent body, terrestrial or both).

Serpentine, cronstedtite, tochilinite and TCI were identi-
fied by XRD and TEM, and are characteristic products of
CM parent body aqueous alteration (Bunch and Chang,
1980; Barber, 1981; Mackinnon and Zolensky, 1984;
Tomeoka and Buseck, 1985). Where they occur in the
matrix and FGRs, these minerals are assumed to have
formed at the expense of fine-grained silicate, sulphide
and metal, and probably also ~1 pm size GEMS-like parti-
cles. The absence of large TCI clumps distinguishes LEW
85311 from the moderately to highly altered CMs (they
comprise 1540 vol.% of CM2.2-2.6 meteorites (Rubin
et al., 2007; Rubin 2015)). Evidence for replacement of
coarser grained silicates by phyllosilicates is restricted to
occasional grains of fayalitic olivine and one crystal of
gehlenite. By contrast, nuggets and veins of kamacite have
been extensively replaced by tochilinite, P-rich sulphide and
schreibersite. Alteration of kamacite to sulphides was a
common reaction during the initial stages of aqueous pro-
cessing of the CMs within geochemical environments with
a high S activity (Tomeoka and Buseck, 1985; Palmer and
Lauretta, 2011). Overall, the processes and products of
aqueous alteration of LEW 85311 are closely comparable
to ‘Stage 1’ of the four-stage CM aqueous alteration
sequence that was described by Hanowski and Brearley
(2001) and refined by Velbel et al. (2012). Thus the geo-
chemical environment within the LEW 85311 parent body
was similar to the mildly altered CMs (i.e., pH, Eh,
water/rock ratio, temperature).

By analogy with Antarctic ordinary chondrites
(Buchwald and Clarke, 1989; Lee and Bland, 2004), the
akaganéite-bearing mantles to kamacite grains are inter-
preted to have formed by terrestrial weathering. Thus,
LEW 85311 has been modified by reaction with water both
pre- and post-terrestrially, a combination of processes that
is common to the CM Elephant Moraine (EET) 96029 (Lece
et al., 2016), and probably many other Antarctic carbona-
ceous chondrites.

4.1.3.1. Ca-carbonate. Ca-carbonate is rare in LEW 85311.
It was not detected by XRD, and Alexander et al. (2015)
recorded 0.3 wt.% carbonate-hosted carbon in bulk samples
of both LEW 85311 and LEW 85312; this value is lower
than 42 of the 43 unheated CMs analysed by Alexander
et al. (2015). Ca-carbonate occurs in three contexts: (i)
within a gehlenite-bearing refractory inclusion (Fig. 8d);
(ii) scarce small crystals within the matrix (Fig. 14a); (iii)
meshworks of needle-fibre calcite (Figs. 9 and 10). By anal-
ogy with calcite in refractory inclusions from the CM falls
Murchison (Armstrong et al., 1982) and Murray (Lee and
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Greenwood, 1994), Ca-carbonate in the LEW 85311 refrac-
tory inclusion is interpreted to have formed by parent body
aqueous alteration. This conclusion is consistent with
experimental results showing that gehlenite alters to calcite
when it reacts with carbonate-rich solutions under
hydrothermal conditions (Nomura and Miyamoto, 1998).
As the matrix-hosted Ca-carbonate has been partially
replaced by phyllosilicates, in common with calcite in the
matrices of CM falls (Lee et al., 2014), it is likewise inter-
preted to be the product of parent body processing.

Needle-fibre calcite could have formed on the parent
body or by terrestrial weathering, and these two environ-
ments can be distinguished using its C and O isotopic com-
position. Given that the needle-fibre calcite is by far the
most abundant type of Ca-carbonate in each of the three
LEW 85311 thin sections, its isotopic composition should
be close to that of bulk Ca-carbonate in LEW 85311
(8'%0 19.4 + 0.9%0, 5'*C 28.6 +0.2%c) and LEW 85312
(5'%0 23.0 & 0.3%0, 5'3C 34.1 £ 0.2%0) (Alexander et al.,
2015). In Supplementary Fig. A4 these values are plotted
along with the 43 CMs in Alexander et al. (2015), terrestrial
calcite in an Antarctic CM (880 —9%0, §'3C ~0%0; Tyra
et al., 2007), and terrestrial Ca-carbonate from Antarctic
ordinary chondrites (5180 3-30%o, 8'3C = ~6%0; Evans
et al.,, 2017). The carbon isotopic composition of bulk
LEW 85311 and LEW 85312 Ca-carbonate is very different
to the Antarctic weathering products, and so the needle-
fibre calcite is interpreted to have formed on the LEW
85311 parent body. The LEW 85311 and 85312 data plot
towards the low 8'*C and 3'®0 end of the trend defined
by the CMs in Supplementary Fig. A4. Alexander et al.
(2015) interpreted this trend to reflect differences in temper-
ature of the carbonate-precipitating fluids (ranging from ~0
to 130 °C), thus implying that LEW 85311 and LEW 85312
Ca-carbonate would have formed in the higher temperature
part of the range.

Despite being isotopically consistent with the CMs,
LEW 85311 needle-fibre calcite is distinct in its petro-
graphic context, and crystal size and shape. CM calcite
occurs most commonly in the matrix as relatively coarse
and equant grains, suggestive of slow rates of crystal
growth from fluids of a low degree of supersaturation
(Johnson and Prinz, 1993; de Leuw et al., 2010; Lee et al.,
2014). Conversely, the small size of the needle-fibre crystals
and their random orientations relative to each other imply
rapid crystal growth from highly supersaturated solutions.
Terrestrial calcite that is very similar in crystal size and
shape is termed ‘moonmilk’; it occurs in caves and burial
tombs and forms by evaporation (Cirigliano et al., 2018;
Spotl, 2018; Lee et al., 2019a,b). We therefore propose that
LEW 85311 needle-fibre calcite is also a parent body evap-
orite. The consistent association of needle-fibre calcite with
kamacite and its alteration products (P-rich sulphide,
Fe-sulphide, schreibersite, tochilinite, eskolaite) suggests
that the metal was aqueously altered prior to carbonate pre-
cipitation, making space for the calcite. These kamacite
grains must have been relatively large (up to several hun-
dred micrometres in diameter) and free-floating in the solar
nebular so that they accreted FGRs (Hanna and Ketcham,
2018). Most of the calcite-rich objects are rounded

(Fig. 10), but several have a shard-like shape (Fig. 9e) sug-
gestive of brittle breakage of kamacite prior to accretion of
the FGR. The geochemical conditions under which kama-
cite alteration would associate with calcite precipitation
are unknown. However, the common intergrowth of calcite
with TCI in CM matrices (Tomeoka and Buseck, 1985; Lee
et al., 2014) is evidence for a genetic link between carbonate
and sulphide precipitation in carbonaceous chondrite par-
ent bodies.

4.2. Degree of aqueous alteration

LEW 85311 has been mildly altered when assessed rela-
tive to the mineralogical and geochemical criteria that are
used for the CMs. Kimura et al. (2011) found that it has
a “low” degree of aqueous alteration. LEW 85311 and its
pair LEW 85312 have been assigned to petrologic types
of 1.9/1.8 (Alexander et al., 2013) and 1.7 (from XRD data
in Table 4) (Table 1). Relative to the petrologic subtypes of
Rubin et al. (2007), LEW has been tentatively assigned to
CM2.6-2.7 (Choe et al., 2010) and to CM2.3 (Friedrich
et al., 2018). These two different subtype assignments can
be tested by comparison with the petrologic types of
LEW 85311. There is a good linear correlation between
the three classification schemes for meteorites of petrologic
subtypes 2.0-2.6. (Supplementary Fig. AS). However, as
there are no meteorites have been classified at CM2.7 or
higher on the Rubin et al. (2007) scheme that have also
been measured by Alexander et al. (2013) or Howard
et al. (2015), the nature of the correlation lines at lower
degrees of aqueous alteration cannot be determined.
Nonetheless, as a petrologic subtype of 3.0 on the Rubin
et al. (2007) scale should equal a petrologic type of 3.0 on
the other two scales, the regression lines in Supplementary
Fig. AS can be extrapolated between CM2.6 and CM3.0.
Using these lines, a petrologic type of 1.9-1.8 corresponds
to ~CM2.7-CM2.6, and 1.7 corresponds to ~CM2.6 (Sup-
plementary Fig. A5). Taking the two comparisons together
suggests a subtype of CM2.7-CM2.6 for LEW 85311, in
agreement with Choe et al. (2010).

It is difficult to assign LEW 85311 to a petrologic sub-
type directly because the meteorite lacks large “PCP
clumps”, whose abundance and chemical composition are
key metrics in the Rubin et al. (2007) scheme. The other cri-
teria of Rubin et al. (2007) are consistent with a subtype of
CM2.6 or higher for LEW 85311 apart for the abundance
of Fe, Ni metal. They propose that meteorites of subtype
CM2.5 and CM2.6 should contain 0.03-0.3 vol.% and
~1 vol.% metallic Fe-Ni, respectively. As XRD shows that
LEW 85311 contains 0.3 vol.% metal, a ~CM2.5 classifica-
tion is suggested. However, the only meteorite classified by
Rubin et al. (2007) as CM2.6 was QUE 97990, which con-
tains 0.2 vol.% Fe,Ni metal as quantified by XRD (Howard
et al. 2015). Furthermore, the 0.3 vol.% Fe,Ni metal is
equal to its abundance in EET 96029 (a heated CM2.7,
Lee et al., 2016), and only one of the 36 CMs plotted in
Fig. 3 1is richer in metal. Therefore by using XRD-
determined metal abundance alone, LEW 85311 is less
altered than QUE 97,990 and so should be assigned to a
subtype of CM2.6 or higher. The lack of chondrule glass
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that is preserved in EET 96029 (CM2.7) and Paris (CM2.7;
Marrocchi et al., 2014, Rubin 2015) argues against LEW
85311 being significantly more pristine than these two
CMs, and so we conclude overall that it has a petrologic
subtype of CM2.7.

A variety of other properties of LEW 85311 are compa-
rable to those of the most weakly aqueously altered CMs,
which further demonstrates that LEW 85311 evolved in a
comparable manner. Mild alteration is consistent with the
preservation of gehlenite, which is highly reactive in the
presence of liquid water (e.g., Rubin, 2007). LEW 85311
has a low phyllosilicate fraction (Table 4), showing that
alteration stopped early (i.e., Stage 1 of Hanowski and
Brearley, 2001) thereby preserving much of the original oli-
vine and pyroxene. XRD also shows a high ratio of cronst-
edtite to Mg,Fe serpentine. Little of the early formed
cronstedtite had recrystallized to Mg-serpentine because
the main sources of magnesium needed for this reaction
are Mg-rich olivine and pyroxene, which are more resistant
to parent body aqueous alteration than their Fe-rich equiv-
alents (Tomeoka and Buseck, 1985; Tomeoka et al., 1989;
Howard et al., 2009). The Mg/(Mg + Fe) of tochilinite after
kamacite in LEW 85311 is lower than the mildly altered
CMs Murchison and Murray (Table 7), again because rela-
tively little Mg had been liberated from Mg-rich olivine and
pyroxene that would otherwise have been available to
increase its Mg/(Mg + Fe) (Palmer and Lauretta, 2011).
This limited supply of Mg during aqueous alteration is also
expressed by the MgO/FeO value of LEW 85311 matrix
(0.33), which is significantly lower than that of Paris (0.39)
(Supplementary Table A3). Finally, data in Nazarov et al.
(2009) show a relationship between the chemical composi-
tion of P-rich sulphides and degree of aqueous alteration
of their host meteorite, and accordingly LEW 85311 P-rich
sulphides have a composition similar to those in the most
mildly altered CMs (Table 8). Therefore, multiple proxies
agree that LEW 85311 has been mildly altered, and its geo-
chemical and mineralogical evolution followed a trajectory
closely comparable to the most weakly hydrated CMs.

4.3. Affinity of LEW 85311

This meteorite has many similarities to the CMs, but
also some important differences that have prompted us to
question its link to the group. The CMs are homogeneous
in chemical composition (Rubin et al., 2007; Braukmdiller
et al., 2018; Friedrich et al., 2018), with any small differ-
ences between meteorites being potentially attributable to
terrestrial weathering (Friedrich et al., 2018). This composi-
tional homogeneity has been interpreted to demonstrate
that the CM3 starting material was chemically uniform
and aqueous alteration was isochemical (i.e., closed aque-
ous system) so that water-soluble elements (e.g., Na, K)
were not leached (e.g., Brearley, 2006; Rubin et al., 2007;
Bland et al., 2009; Velbel et al., 2012; Braukmiiller et al.,
2018; Friedrich et al., 2018). Rubin et al. (2007) concluded
that the compositional homogeneity of the CMs indicates a
single parent body for the group.

LEW 85311 sits outside of the narrow range of CM
chemical compositions (i.e., principally in its refractory

elements and REEs; Fig. 1). We contend that this diver-
gence from the CMs is due to a different starting material
(i.e., one rich in refractory inclusions) that was isochemi-
cally altered. An alternative explanation is that this mete-
orite was initially chemically similar to other CMs but
changed in composition during open system aqueous alter-
ation. However, in such a scenario LEW 85311 would be
expected to differ from the CMs in its water-soluble ele-
ments rather than the most highly refractory elements as
is observed (Fig. 1). Moreover, Mg should have been selec-
tively leached, yet the chemical compositions of Mg-bearing
alteration products (e.g., matrix and FGR phyllosilicates
and tochilinite) are consistent with mildly altered CMs.
The oxygen isotopic compositions of the CMs are quite
variable, in part due to contrasting degrees of aqueous
alteration and in a few cases also post-hydration heating
(Clayton and Mayeda, 1999). LEW 85311 falls outside of
the CM range (Fig. 2), but its unusual isotope values can
again be explained by abundant refractory inclusions.

LEW 85311 is almost indistinguishable from the mildly
altered CMs with regards to the processes and products
of aqueous alteration (i.e., alteration of kamacite, sulphide,
amorphous silicates and the most reactive silicate minerals
to cronstedtite, serpentine and sulphides). These alteration
products also include tochilinite, which is a mineralogical
‘hallmark’ of the CMs. The only evidence for a difference
in alteration between LEW 85311 and the CMs is the pres-
ence of needle-fibre calcite, which may have formed by
evaporation of relatively high temperature parent body flu-
ids, and the absence from the matrix of TCI ‘clumps’.
Despite these differences, LEW 85311 is interpreted to have
originally contained a similar proportion of water ice to
many of the CMs, then was heated and remained warm
for a sufficient length of time to be mildly aqueously
altered.

NWA 5958 is a hydrated carbonaceous chondrite with
some similarities to LEW 85311. It has been classified as
C2-ung and its bulk oxygen isotopic composition plots
within the CV-CO-CK field close to one of the analyses
of LEW 85311 (Jacquet et al., 2016) (Fig. 2). However there
is no petrographic or geochemical evidence for an elevated
abundance of refractory inclusions that could otherwise
account for this '®O-rich composition (Ash et al., 2011;
Jacquet et al., 2016). Jacquet et al. (2016) found that
NWA 5958 is moderately aqueous altered relative to the
CMs (~CM2.5 subtype), and its infra-red spectrum closely
resembles that of LEW 85311, especially in the 10 um
region. The similarities between NWA 5958 and LEW
85311 require further investigation, and one intriguing sug-
gestion is that along with other ‘anomalous’ meteorites,
NWA 5958 and LEW 85311 may be members of a new
group of ‘primitive’ carbonaceous chondrites with CM
affinities (Greenwood et al., 2019).

We set out to ask whether LEW 85311 can provide new
insights into the diversity of hydrated C-complex meteorite
parent bodies. Our work has shown that the material
accreted to form LEW 85311 was subtly different to the
CMs, particularly with regards to the abundance of refrac-
tory inclusions, yet this meteorite’s subsequent mineralogi-
cal and geochemical evolution was very similar to other
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members of the group. We therefore conclude that the CM
classification is appropriate, and that the diversity within
the group shows that the CMs sample two or more parent
bodies that accreted in a similar part of the solar nebula,
and grew to a comparable size and at over a common time-
scale (thus possessing a similar complement of short-lived
radiogenic isotopes) so that they had an equivalent geolog-
ical evolution. We anticipate that the forthcoming return of
samples from the ‘rubble pile’ asteroids Ryugu (Watanabe
et al., 2019) and Bennu (Lauretta et al., 2019) will greatly
enhance our understanding of the nature and diversity of
C-complex asteroids.

5. CONCLUSIONS

LEW 85311 is a CM carbonaceous chondrite, and most
of its properties are consistent with other members of the
group. It is composed of rimmed chondrules, chondrule
fragments and refractory inclusions supported within a
fine-grained matrix. The chondrules and chondrule frag-
ments are similar in size to those of the CMs, although their
FGRs are relatively thin. LEW 85311 has undergone parent
body aqueous processing, and many of the alteration prod-
ucts (e.g., serpentine, cronstedtite, tochilinite, P-rich sul-
phide, TCI) are indistinguishable in mineralogy and
chemical composition to those of the most mildly altered
CMs. However, there is evidence for a distinctive geochem-
ical environment during aqueous alteration of LEW 85311
from the presence of meshworks of needle-fibre calcite
within objects that were previously rich in kamacite, and
the absence of TCI clumps. LEW 85311 is comparable to
the CMs in its volatile element composition, but differs in
its refractory element, REE and bulk oxygen isotopic com-
position owing to a high abundance of refractory inclu-
sions. It also accreted an unusually low proportion of
water ice, which limited the degree of aqueous alteration.
LEW 85311 shows that the CM group samples more than
one parent body.
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