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Abstract—-Based on the high abundance of fine-grained material and its dark appearance,
NWA 11024 was recognized as a CM chondrite, which is also confirmed by oxygen isotope
measurements. But contrary to known CM chondrites, the typical phases indicating aqueous
alteration (e.g., phyllosilicates, carbonates) are missing. Using multiple analytical techniques,
this study reveals the differences and similarities to known CM chondrites and will discuss
the possibility that NWA 11024 is the first type 3 CM chondrite. During the investigation,
two texturally apparent tochilinite—cronstedtite intergrowths were identified within two thin
sections. However, the former phyllosilicates were recrystallized to Fe-rich olivine during a
heating event without changing the textural appearance. A peak temperature of 400-600 °C
is estimated, which is not high enough to destroy or recrystallize calcite grains. Thus,
calcites were never constituents of the mineral paragenesis. Another remarkable feature of
NWA 11024 is the occurrence of unknown clot-like inclusions (UCLIs) within fine-grained
rims, which are unique in this clarity. Their density and S concentration are significantly
higher than of the surrounding fine-grained rim and UCLIs can be seen as primary objects
that were not formed by secondary alteration processes inside the rims. Similarities to
chondritic and cometary interplanetary dust particles suggest an ice-rich first-generation
planetesimal for their origin. In the earliest evolution, NWA 11024 experienced the lowest
degree of aqueous alteration of all known CM chondrites and subsequently, a heating event
dehydrated the sample. We suggest to classify the meteorite NWA 11024 as the first type 3
CM chondrite similar to the classification of CV3 chondrites (like Allende) that could also
have lost their matrix phyllosilicates by thermal dehydration.

INTRODUCTION exception. They are complex breccias and their primary
mineralogy was almost entirely obliterated by aqueous

alteration on their parent body(ies) at temperatures of

components: chondrules, Fe,Ni metal/troilite, refractory
inclusions, and fine-grained material (fine-grained dust
rims [FGRs] and matrix). CI chondrites are the only
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~50-150 °C (e.g., Richardson 1978; McSween 1979a;
Zolensky et al. 1989a; Endre(3 and Bischoff 1996; Endress
et al. 1996; Brearley 2006; Morlok et al. 2006). However,
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despite strong modifications by impact processes and
nearly complete alteration by water, they are regarded as
the most primitive meteorites and provide the best
chemical match compared to that of the solar photosphere
(e.g., Anders and Grevesse 1989; Palme and Jones 2003;
Lodders et al. 2009; Barrat et al. 2012).

The importance of water in the early evolution of
asteroids is also illustrated by the fact that water did not
only alter CI chondrites but also other chondrites like
CM, CR, CV, CO, and ordinary chondrites (e.g.,
Zolensky et al. 1999; Brearley 2006; Dyl et al. 2012).
Although metamorphosed chondrites are basically
regarded as dry meteorites, Zolensky et al. (1999) and
Dyl et al. (2012) showed that even the metamorphosed
ordinary chondrites Monahans (H5) and Villalbeto de la
Pena (L.6) are affected by asteroidal water. Furthermore,
spectral investigations of type B, C, F, and G asteroids
revealed that hydrous phyllosilicates are possibly present
at their surface, similar to those of CI and CM
chondrites (e.g., Vilas and Gaffey 1989; Gaffey et al.
1993; Kanno et al. 2003; Rivkin et al. 2015; Vernazza
et al. 2016). Water is certainly widespread in the solar
system and not a negligible component during meteorite
parent body formation and is playing a key role in the
understanding of the early solar system processes.

Different sources of water in meteorite parent
bodies are possible to explain the occurrence of
phyllosilicates and phases formed from aqueous fluids
(e.g., carbonates, phosphates, magnetites). It could
result from molten ice that has been accreted in the
parent body (e.g., Grimm and McSween 1989) and/or
water-bearing phyllosilicates may be formed directly in
the solar nebula (Petacv and Wood 1998; Ciesla et al.
2003; Wasson and Trigo-Rodriguez 2004; Ciesla and
Lauretta 2005). The incorporated water starts to react
with the surrounding material (silicates, metals, sulfides)
at low temperatures. Different heat sources like the
decay of 2°Al (McSween et al. 1988), short local heating
events caused by impacts, or solar radiation (Nakato
etal. 2008) result in low aqueous alteration
temperatures of 0-150 °C for CI and CM chondrites
(e.g., Richardson 1978; McSween 1979a; Clayton and
Mayeda 1984, 1999; Zolensky and McSween 1988;
Zolensky et al. 1989a, 1993; Endrel and Bischoff 1996;
Endress et al. 1996; Verdier-Paoletti et al. 2017).

Besides the CI chondrites, CM chondrites
experienced the strongest modifications by aqueous
alteration resulting in different water-bearing phases.
These new minerals either formed by reaction of the
fluid with primary anhydrous phases (e.g., Fe-Mg
serpentines, cronstedtite, and tochilinite) or as direct
precipitates from fluids (e.g., carbonates or fine-grained
serpentines). Carbonates in particular are a minor but
ubiquitous constituent in CM chondrites, as grains and

veins, and are even present in the least altered
meteorites like Maribo (Haack et al. 2012), Paris
(Hewins et al. 2014; Marrocci et al. 2014; Rubin 2015),
and Elephant Moraine (EET) 96029 (Lee et al. 2016).
However, the physics, chemistry, location, timing, and
duration of the processes of aqueous alteration are still
poorly understood (e.g., Metzler et al. 1992; Metzler
1995; Metzler and Bischoff 1996; Bischoff 1998;
Bischoff et al. 2006; Brearley 2006).

The aqueous alteration could have taken place as
postaccretionary in situ alteration after the formation of
the CM parent body (e.g., Kerridge and Bunch 1979;
Zolensky and McSween 1988; Browning et al. 1996;
Trigo-Rodriguez et al. 2006; Rubin et al. 2007), directly
in the solar nebula (Grossman and Larimer 1974; Ciesla
et al. 2003), or in loosely consolidated first-generation
planetesimals (Metzler et al. 1992; Metzler and Bischoff
1996; Bischoff 1998; Metzler 2004; Lindgren et al. 2013).
However, the lifetime of the solar nebula is poorly
constrained and dating of secondary minerals (like
calcite) alone cannot distinguish between nebular and
asteroidal settings (Podosek and Cassen 1994; Krot et al.
2006). The aqueous alteration could have started
contemporaneous with or shortly after CAI formation
and lasted at least 4 Ma (e.g., De Leuw et al. 2009) or
alternatively, the alteration took place at a late stage
(>3 Ma) after the formation of differentiated and
metamorphosed asteroids (Fujiya et al. 2012). But,
investigations on the paleomagnetism have shown that
the magnetic solar nebula field and therefore the nebular
gas too, had dispersed until ~4-6 Ma after CAIs
(Gattacceca et al. 2016; Wang et al. 2017). This is also the
time scale for planet migration and the accretion of ice
and water-bearing minerals.

The water is mainly bound in phyllosilicates (e.g.,
Tomeoka and Buseck 1985) and typical CM chondrites
contain ~6-14 wt% water (Jarosewich 1990; Alexander
et al. 2012, 2013; Garenne et al. 2014). The incorporated
water starts to react with the surrounding material and
different classification schemes have been proposed to
quantify the degree of alteration in CM chondrites
(Browning et al. 1996; Rubin et al. 2007; Howard et al.
2009; Alexander et al. 2012, 2013). For example, in the
classification scheme of Rubin et al. (2007), the FeO/SiO,
ratio of serpentine—tochilinite intergrowths (formerly
called PCP—poorly/partly characterized phases), the
amount and size of serpentine-tochilinite intergrowths
and the abundances of metals and Ca-carbonates are
important to define the CM2 subtypes. Howard et al.
(2009) and Alexander et al. (2012, 2013) quantified the
extent of aqueous alteration based on the abundance of
phyllosilicates, which roughly correlates with the
classification of Rubin et al. (2007). However, most CM
chondrites are impact breccias and different clasts of
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variable sizes show different degrees of alteration (Fuchs
et al. 1973; Dodd 1981; Rubin and Wasson 1986; Metzler
et al. 1992; Metzler 1995; Bischoff 1998; Bischoff et al.
2006, 2017a). Rubin et al. (2007) considered this aspect
and used the main lithology of a thin section to define the
subtype of the CM2 sample. However, the main lithology
can vary from sample to sample of one particular
meteorite as shown for Nogoya (Bischoff et al. 2017a).
Because of this aspect, Bischoff et al. (2017a) proposed
an extended description of the sample (e.g., CM 2.2-2.5)
in the same way as for ordinary chondrite breccias, to
avoid an “average” value for the degree of alteration.
This type of classification would take into account (1) the
brecciation of the meteorite as well as (2) the degree of
alteration of the different fragments.

We have a systematic classification scheme for
thermally metamorphosed chondrites (petrologic types
3-6; Van Schmus and Wood 1967) and aqueously
altered chondrites (petrologic types 1-2; Van Schmus
and Wood 1967). Considering the sample discussed in
this work, these schemes are not applicable for
meteorites, which acquired aqueous alteration and
subsequently lost their water by thermal processes.

However, heated (thermally metamorphosed)
carbonaceous chondrites exist in a non-negligible
abundance and have been studied in detail. The best-
known heated carbonaceous chondrites are the members
of the so-called Belgica grouplet encompassing Y-82162,
Y-86720, and B-7904 (e.g., Mayeda et al. 1987; Akai
1988, 1989, 1990a, 1990b, 1992; Tomeoka 1989;
Zolensky et al. 1989b; Mayeda and Clayton 1990; Paul
and Lipschutz 1990; Bischoff and Metzler 1991; Ikeda
1992), but many other samples are known (e.g., Y-
793321 [Akai 1990a; Nakamura 2005, 2006; Harries and
Langenhorst 2013]; Y-86029 [Tonui et al. 2002, 2003];
and A-881334, Y-82098, and Y-86695 [Akai and Tari
1997]). Heating processes are responsible for the
dehydration of phyllosilicates (Akai 1988, 1990a;
Tomeoka et al. 1989; Zolensky et al. 1989a) and
recrystallization resulting in secondary formation of
e.g., olivine and pyroxene (Akai 1990a, 1992; Zolensky
et al. 1993; Nakamura 2005). C-type asteroids with
similar mineralogical characteristics exist that may
indicate formation of a dry asteroid surface caused by
heating and dehydration (Hiroi et al. 1993, 1994, 1996;
Hiroi and Zolensky 1999).

The estimated temperature ranges are 300-500 °C
for Y-93321 (Akai 1990a; Nakamura 2005, 2006; Harries
and Langenhorst 2013) and 500-600 °C for Y-86029
(Tonui et al. 2003). Higher temperatures are estimated
for the Belgica grouplet (500-900 °C; Tomeoka et al.
1989; Akai 1990a, 1992; Paul and Lipschutz 1990;
Zolensky et al. 1991, 1993; Lipschutz et al. 1999; Tonui
et al. 2002; Nakamura 2005, 2006; Nakato et al. 2008).

In these temperature ranges, heating processes
decompose Fe,Ni sulfides creating Ni-poor metals
(Kimura et al. 2011; Harries and Langenhorst 2013).
Kimura et al. (2011) subdivided heated carbonaceous
chondrites into category A, B, and C depending on
their experience of secondary thermal processing in
opaque minerals (e.g., Fe,Ni sulfides). Furthermore,
Nakamura (2005) defined four different heating stages
(I-1V) based on diverse stages of reaction recognized in
serpentine and saponite (Akai 1992). The question is
still open as to how we handle the classic classification
scheme with the heating stages, because heating
processes can destroy aqueous alteration products and
characteristics and a typical subclassification (CM2,
CV3, or CI2) is no longer possible.

All the abovementioned aspects may trigger
discussion on a possible expansion of the current
classification scheme. The meteorite NWA 11024, the
focus of this study, is a new heated CM chondrite that
does not fit into this scheme. The sample lacks water,
phyllosilicates, and even calcite grains. Furthermore, the
sample differs from other CM chondrites by the presence
of abundant, so-far unknown clot-like inclusions
(UCLIs) within the fine-grained rims (FGRs) which are
unique in this clarity. In this work, the mineralogical
and chemical characteristics of this new meteorite are
presented including data of oxygen isotopic analysis,
X-ray diffraction, Raman spectroscopy, magnetic
properties, and TEM investigations in order to decipher
the basic processes of formation and evolution of this
rock.

SAMPLE AND METHODS

The meteorite NWA 11024 (4.69 g; Fig. 1) was
purchased in Ensisheim from a Moroccan dealer in
June 2014. Two polished thin sections, PL17074 (thin
section A; Fig. 2) and PL17073 (thin section B), were
prepared for further investigations.

Optical and Electron Microscopy

The thin sections (A and B) from NWA 11024 were
studied by optical and electron microscopy. For optical
microscopy in transmitted and reflected light, a ZEISS
polarizing microscope (AXIOPHOT) was used.

A JEOL 6610-LV electron microscope at the
Interdisciplinary Center for Electron Microscopy and
Microanalysis (ICEM) at the Westfalische Wilhelms-
Universitat Miinster was used to study the fine-grained
textures of NWA 11024, its components, and to identify
the different mineral phases.

The secondary electron microscope (SEM) was
also used for quantitative analysis. Samples and
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Fig. 1. The bulk sample of NWA 11024 weighing 4.69 g.
(Color figure can be viewed at wileyonlinelibrary.com.)

appropriate mineral standards were measured at an
excitation voltage of 20 kV and the beam current
constancy was controlled by a Faraday cup. With the
attached EDS system, a bulk chemical characterization
of thin section A was performed and analyses of the
different mineral constituents were obtained. As
natural and synthetic standards from Astimex, olivine
(Mg, Fe, Si), jadeite (Na), plagioclase (Al), sanidine
(K), diopside (Ca), rutile (Ti), chromium oxide (Cr),
rhodonite (Mn), and pentlandite (Ni) were used as
standards for mineral analyses. The EDS analyses were
done with the INCA analytical program provided by
Oxford Instrument.

Electron Microprobe Analysis

Quantitative mineral analyses and matrix analyses
were obtained using a JEOL JXA 8900 Superprobe
electron microprobe at the ICEM, which was operated
at 15 kV and a probe current of 15 nA. Natural and
synthetic standards were used for wavelength dispersive
spectrometry. Jadeite (Na), kyanite (Al), sanidine (K),
chromium oxide (Cr), San Carlos olivine (Mg),
hypersthene (Si), diopside (Ca), rhodonite (Mn), rutile
(Ti), fayalite (Fe), apatite (P), celestine (S), and nickel
oxide (Ni) were used as standards for bulk and mineral
analyses. The measurement time was 7.5 s for Na and
K and 15 s for the other elements. The mineral analyses
were conducted with variable spot sizes between up to
10 pm and the matrix analyses with a constant spot size

of 15 pm. The mean detection limits for the microprobe
were ~0.02-0.08 wt%. The matrix corrections were
made according to the ®p(z) procedure (Armstrong
1991).

Image Analysis

Image analyses were performed with the software
JMicrovision  (www.jmicrovision.com). The modal
abundances of the different phases and components
were determined by point counting (4000 points on each
thin section) of backscattered electron (BSE) mosaic
images.

Oxygen Isotope Analysis

The oxygen isotope composition of NWA 11024 was
analyzed by means of laser fluorination in combination
with gas source mass spectrometry (Sharp 1990) at the
Department of Isotope Geology, University Gottingen.
Two aliquots were analyzed. The samples were loaded
along with San Carlos olivine in a 19-pit stainless steel
sample holder. We used a two-window (quartz glass
viewing port and BaF, for the CO, laser beam) sample
chamber as described in Sharp (1990). The samples were
fluorinated with ~40 mbar BrFs. The unwanted gaseous
reaction products (mainly BrFs-x and SiF,) were
removed by means of cryogenic trapping. The sample O,
was collected at —196 °C on 5 A molecular sieve for
7 min. For further purification (removal of N, and NF3),
sample O, was transported with a He carrier gas stream
through a 3 m long packed molecular sieve gas
chromatography column (Restek) that was kept at 50 °C.
The sample O, was then collected downstream in a
second, low-volume molecular sieve trap. After
evacuation of He from the second trap, sample O, was
expanded to the bellows of a Thermo MAT253 gas
source mass spectrometer. The sample gas was analyzed
relative to a working gas for ~30 min (20 cycles). The
external reproducibility of San Carlos olivine
measurements was 0.1%, for 8'%0 and 0.0089%, for A’'’O
(1o SD, single analysis). The data were normalized to the
composition of San Carlos olivine (8'’Oysymow» = 2.715,
3" 0vsmowa = 5.220%,; see Pack et al. 2016).

Bulk Chemical Analysis

A 500 mg whole-rock sample was homogenized and
dissolved following the procedure described by Barrat
et al. (2012, 2016). No residual grains were observed in
the solution. The concentrations of Ti, Al, Cr, Fe, Mn,
Mg, Ca, Na, P, Co, and Ni were determined by ICP-
AES (inductively coupled plasma-atomic emission
spectrometry) using a Horiba Jobin Yvon Ultima 2
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Fig. 2. Photomicrograph of a representative part of NWA 11024 (thin section A). Large chondrules of different composition
(type I, type Im, and type II) are clearly visible as well as abundant fine-grained material. Besides the type Im chondrules, the
large type II chondrule (red dotted line) is an eye catcher. Image in backscattered electrons (BSE). Im = type Im chondrules;
wm = weathered metal. (Color figure can be viewed at wileyonlinelibrary.com.)

spectrometer following the procedure of Cotten et al.
(1995). The concentrations of trace elements were
determined by ICP-SFMS (inductively coupled plasma-
sector field mass spectrometry) using a Thermo Element
2 spectrometer following the procedures described by
Barrat et al. (2007, 2008).

Raman Spectroscopy

Raman spectra were acquired with a Horiba ISA
Dilor Labram micro confocal Raman spectrometer with
a focal length of 300 mm and equipped with an external
532.15 nm Nd-YAG laser at the Freie Universitat
Berlin. The laser power on the surface of the samples
was of 2-3 mW and did not show any signs of heating
or alteration of the carbonaceous material. Spectra were
corrected for drift using a 520.7 cm™! silica standard
and the obtained full widths at half maximum (FWHM)
were corrected for the spectral resolution of the Raman
according to the apparatus function by Irmer (1985).

The acquisition time for one spectrum was 30 s
with a spot size of 1 pm. All spectra were decomposed
using four pseudovoigt functions (Homma et al. 2015).
A high coefficient of determination (R* > 0.99) excluded
a large portion of inaccurate fits, after which undetected
anomalies were excluded manually resulting in a total of
124 spectra throughout the whole sample.

These measurements can be seen as a Raman
carbon thermometer which is based on the irreversible
change of organic material structure with increasing
temperature. The sensitivity of Raman spectrometry, to
the vibration in the bonds between atoms, detects these
morphological changes in spectra and was first
correlated to peak temperatures by Beyssac et al.

(2002). Homma et al. (2015) modified the detailed
Kouketsu et al. (2014) carbon geothermometer for the
use on meteorites. The correlation shown in Equation 1
uses the D1-band (see Fig. 13a) of analyzed spectra to
estimate the peak temperature of NWA 11024 (Homma
et al. 2015).

Tpcakoc = —-6.9 x FWHMp, + 1054.4 (1)

X-Ray Diffraction

For qualitative phases, analysis of bulk material
and characterization of NWA 11024 X-ray diffraction
(PXRD) patterns were recorded using a Philips X Pert
PW 3040 powder diffractometer with monochromatic
Cu-Kal radiation of A =1.5406 A at the Institut fir
Mineralogie (University of Miinster). The measurements
were performed at 45 kV and 40 mA and room
temperature over an angular range (20) of 4.995° to
21.991° with a step size of 0.014° resulting in 1214
measurement points. Qualitative phase analysis was
performed using the “Highscore” software of
PANalytical B.V. Since there is only a very small
amount of material from sample NWA 11024 Ieft,
X-ray diffraction measurements were made on a piece
of the sample and not on a powdered sample.

Magnetic Properties
Hysteresis properties and magnetic susceptibility

were measured on two thin sections and a 933 mg bulk
sample at CEREGE (Aix-en-Provence) using a
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Table 1. Modal abundances of constituents in NWA 11024 compared to the mean abundances of similar
components within NWA 5958 (Jacquet et al. 2016). Data in vol%.

Sample Type 1 Type 11 Matrix FGR Metals Sulfides CAIs Clasts
NWA 11024 - A 30.1 3.2 50.9 10.6 2.3% 0.5 1.4 1.0
NWA 11024 - B 28.8 14 56.0 9.0 2.6% 0.4 1.1 0.7
NWA 5958 16.6 2.3 75.5° 3.6° 0.6

“Includes Fe,Ni metals as well as alteration products of metal/sulfides.

®Includes all opaque phases (FeS, metal, and terrestrial, metal-sulfide-related weathering products).

‘Including matrix material and fine-grained rims.

Princeton Micromag vibrating sample magnetometer
(noise level 107® Am?) and a MFK susceptibility meter
(noise level 107'"' m?), respectively. Mass-normalized
parameters, such as saturation magnetization (a proxy
to the total bulk amount of magnetic minerals), were
obtained only from the bulk sample because the mass of
the rock in the thin sections could not be determined
precisely.

Transmission Electron Microscopy

At the University of Jena two samples were
extracted for transmission electron microscopy (TEM)
using focused ion beam (FIB) preparation (Harries and
Langenhorst 2013). The FIB samples were studied using
a 200 keV FEI Technai G2 equipped with an Oxford
SDD EDS detector and a Fischione HAADF detector
for scanning TEM imaging. EDS data of silicates were
quantified wusing the Cliff-Lorimer method with
electroneutrality-based thickness constraints for the
absorption correction (Van Cappellen and Doukhan
1994). Analyses of metal grains were corrected for
absorption using a thickness estimated from SEM
images obtained during sample preparation. The k
factors for the Cliff-Lorimer quantification were
measured on standard samples (pallasite olivine and
synthetic Fe,Ni alloy) or estimated based on standard
measurements and factory-provided values in the INCA
software.

RESULTS
Mineralogy and Petrography

General Description

Two thin sections were prepared from the sample
and used for further investigations. Preliminary data
were published by Ebert et al. (2017a). Thin section A
(Fig. 2) has an area of ~80 mm? and consists of 50.9
vol% matrix, 10.6 vol% fine-grained dust rims (FGRs),
30.1 vol% type I chondrules, and 3.2 vol% type II
chondrules (Table 1). Furthermore, 1.4 vol% CAIs and
other minor components including metals, sulfides, and

different clasts (Fig. 3) were identified. The irregularly
shaped, forsterite- and enstatite-rich objects typically
containing high abundances of opaque phases (Fig. 4)
were also counted as type I chondrules. McSween
(1977) described this type of objects in CV and CO
chondrites as “similar to type I chondrules with
addition of disseminated opaque grains,” but usually
those are “larger and more irregularly shaped than type
I chondrules.” In the following, they will be called type
Im chondrules (type Im = irregularly shaped metal-rich
type I chondrules).

Thin section B has an area of ~55 mm? and consists
of 56 vol% matrix, 9.0 vol% of fine-grained dust rims,
29 vol% of type I chondrules, 1.5 vol% of type II
chondrules, and 1.1 vol% of CAIs (Table 1). The
differences in the abundance of type Il chondrules
between thin section A and B is caused by a huge type
II chondrule in thin section A (Fig. 2). Modal
abundances of the CM chondrites are highly variable,
but NWA 11024 is in agreement with other CM
chondrites (e.g., Metzler et al. 1992; Hewins et al. 2014;
Jacquet et al. 2016). For example, the abundances of
type I chondrules in NWA 11024 is higher than in
NWA 5958, but lower than in Paris (Table 1).

NWA 11024 is dominated by fine-grained material
(matrix and FGRs). Considering chemical analyses, it is
suggested that this material mainly consists of a mixture
of olivine and pyroxene grains often too small to be
measured separately. Some measurable olivine and
pyroxene grains reveal and Fsyg 15,
respectively (Table S1 in supporting information).

The matrix mineralogy suffered from a strong
terrestrial weathering, which is visible by a schlieren-like
appearance and nearly all of the Fe,Ni metals are
weathered but still dominant and clearly visible (Fig. 2).
Electron microprobe measurements of the matrix show
a mean total of ~93 wt% (Table 2). This is distinctly
higher than the mean value of CM chondrites matrices
(~79 wt%; e.g., McSween and Richardson 1977). All
singe matrix measurements are listed in the supporting
information (Table S2).

Calcite grains or large serpentine—tochilinite
intergrowths (TCIs) are absent in the matrix which are

Fogo 64
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Fig. 3. Backscattered electron images of two foreign clast in the matrix of NWA 11024. Both are partly surrounded by a fine-
grained rim. a) The fine-grained rim (red dotted line) partly surrounding the clast (blue dotted line). The gray ground-mass is
pervaded by cracks. b) The clast (blue dotted line) is nearly completely surrounded by a fine-grained rim (red dotted line) and
UCLIs are present. (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 4. Backscattered electron image of a type Im chondrule.
The metal-bearing and porphyritic chondrules are a prominent
part of NWA 11024. They are surrounded by a fine-grained
dust rim with unknown clot-like inclusions (UCLIs; arrows).
Olivine, pyroxene, weathered metals, and altered mesostasis
are the prominent phases. Some olivines contain small Ni-
poor metal grains. Some other small rounded chondrules (chr)
are sticking onto the bigger type Im chondrule also embedded
within the fine-grained dust rim. UCLI = unknown clot-like
inclusion; px = pyroxene; ol = olivine; alt = altered mesostasis;
wm = weathered metals; chr = chondrules.

normally present in all CM chondrites even in the low-
altered CM chondrites like Paris (Hewins et al. 2014;
Marrocci et al. 2014; Rubin 2015) or Maribo (Haack
et al. 2012). Some single patches (<5 um) in the matrix
have been found (see Fig. 8c) that Ilook Ilike
phyllosilicates. However, SEM and microprobe
investigations show that these patches have totals of
92-99 wt% ruling out the occurrence of abundant
water which is typical for phyllosilicates in CM2
chondrites.

Table 2. Mean concentrations of matrix, fine-grained
rims (FGR), and unknown clot-like inclusions (UCLIs).

All single measurements are in the supporting
information Tables S2, S3, and S4.

Matrix FGR UCLIs
n 72 106 83
Na,O 0.34 0.40 0.27
MgO 14.1 15.9 14.7
AlL,O3 2.67 2.36 2.28
Si0, 25.0 27.0 25.1
P,Os 0.52 0.30 0.21
SO; 9.8 4.8 9.3
Cl 0.15 0.20 0.15
K,O 0.20 0.24 0.18
CaO 1.45 1.11 0.65
TiO, 0.06 0.07 0.06
FeO 36.3 30.6 39.7
CoO 0.11 0.16 0.15
Cry03 0.31 0.54 0.36
MnO 0.27 0.28 0.26
NiO 1.59 2.55 1.83
Total 92.9 86.5 95.3

n = number of measurements; all data in wt%.

Chondrules and Chondrule Fragments

About 30 vol% of the thin sections are chondrules
or chondrule fragments showing different textures (e.g.,
porphyritic and nonporphyritic) and compositions (type
I, Im, and II). Most chondrule olivines have Fa_.,4, and
also olivines with higher Fa-content (up to Fagz) exist
(Fig. 5). Similarly, most low-Ca pyroxenes are enstatites
(Fs<»), and also some low-Ca pyroxenes with somewhat
higher Fs-contents exist (e.g., Fssi3) as well as a
compound chondrule (Fig. 6¢). This complex chondrule
consists of at least three siblings (compare e.g., Wasson
et al. [1995] and Bischoff et al. [2017b]) and contains
abundant Fe-rich olivine (Fas, g3y and low-Ca pyroxene
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Fig. 5. Distribution of Fa and Fs contents in olivine (n = 74) and low-Ca pyroxene (n = 40), respectively. (Color figure can be

viewed at wileyonlinelibrary.com.)

(~Fsy4s). The remaining largely unweathered metal grains
are Ni-poor (~6 wt% Ni; kamacite), but small metal
grains in chondrules (mainly enclosed in Fo-rich
olivines) can be Ni-rich (>50 wt% Ni). Al-rich
chondrules as described by Bischoff and Keil (1983,
1984), Ebert and Bischoff (2015, 2016), and Ebert et al.
(2017b, 2018) were not encountered.

Most of the chondrules are between 150 and
300 um in apparent diameter, but individual chondrules
can be as large as 1500 um (Figs. 2 and 6a). Micro-
chondrules of sizes <50 um are present in the matrix,
similar in size to those described by Krot et al. (1997a).
Most of the chondrules and microchondrules are well-
rounded, whereas some others are not (Fig 6d).
Especially, type Im chondrules (Figs. 2 and 3) show
irregular shapes, but have internal textures indicating
crystallization of olivine from a melt (olivines are
embedded within altered mesostasis materials). The
mesostasis inside the chondrules—replaced by secondary
phases—optically appears to consist of phyllosilicates,
but SEM and microprobe measurements reveal totals
between 94 and 98 wt%. Similar totals of 92-96 wt%
were obtained from different areas of the conspicuous
chondrule shown in Fig. 6b.

Ca,Al-Rich Inclusions

A total number of 82 Ca,Al-rich inclusions (CAIls)
have been found and studied in both thin sections
resulting in a modal abundance of ~1.3 vol%. Most
CAls are small (<100 pm; the smallest has an apparent
size of 15 um and the largest has a size of 490 um).
Some CAls are enclosed or partly surrounded by a fine-
grained dust rim (Fig. 7).

The compositions of various selected mineral phases
in different CAIs from NWA 11024 are listed in

Table 3. The most common phases are spinel, different
Ca-pyroxenes (Fsg4.5,) like diopside, Al-diopside,
fassaite, and olivine (Foggg 997). Most of the olivine
occurs as a rim around a spinel- and Ca-pyroxene-rich
core (Figs. 7a and 7b), but could also be found as small
inclusions inside the CAI. Rare phases are perovskite
and hibonite, whereas melilite is not present within the
CAls of both thin sections. One CAI contains a Ca-
phosphate-rich phase (perhaps merrillite), but could not
be definitely identified because of its small size. Another
CALI includes a small PGE-nugget (Fig. 7b) with minor
perovskite grains surrounded by spinel, Al-diopside, and
a small rim of olivine. Furthermore, most inclusions
show secondary phases like sulfides and alteration
products (Figs. 7c and 7e¢). Most CAls belong to the
fine-grained, “fluffy,” spinel- and pyroxene-rich
inclusions and the others are “simple” CAls. Six fine-
grained aggregates exist, which are not clearly confined
to the surrounding matrix material and could only be
identified as CAls through Ca,Al-rich phases by Ca-
and Al-X-ray maps. The “fluffy” CAIls often show a
contorted/sinuous morphology (Figs. 7a, 7b, 7e, and 7f)
and many are fragmented (Fig. 7c), while the “simple”
CAIs (Fig. 7d) typically have a simple core—rim
structure with a spinel core and a diopside rim. All
single measurements of the different phases are listed in
the appendix (Table S5 in supporting information).

Phyllosilicate Pseudomorphs

Additional to the former phyllosilicates (<5 pum) in
the matrix, two larger fibrous aggregates texturally
similar to TCIs (tochilinite—cronstedtite intergrowths)
are present (Fig. 8). The phyllosilicate pseudomorph
TCI-1 consists of several large objects (each ~50 um)
surrounding a fragmented CAI (Fig 8a). The different
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Fig. 6. Backscattered electron images of six different chondrules. a) Type II, barred-olivine chondrule surrounded by a FGR.
The interior mesostasis was altered to secondary phase. Troilite and Fe,Ni metal with high Ni content are present. b) Texturally
unusual chondrule with a huge space between the interior and the fine-grained rim. ¢) Complex compound chondrule consisting
of three chondrules mainly made of olivines and pyroxenes and partly surrounded by FGR. d) Porphyritic olivine pyroxene
(POP) chondrule partly surrounded by a FGR. The interior mesostasis is replaced by secondary alteration products, but small
grains of Fe,Ni grains (arrow) are still present. e) Porphyritic olivine chondrule with clearly visible altered mesostasis. f) POP
type I chondrule with minor Fe,Ni metal grains; Ol = olivine, px = pyroxene; FeNi = Fe,Ni metal.

patches have different shades of gray in the backscatter
electron (BSE) images. Two brighter patches show a
black rim (perhaps porous material), whereas the other
patches are somewhat darker and do not have that
prominent black rim. The totals vary in the different
clasts from 92 to 97 wt%. A FIB section (more in the
TEM investigations section) was made from one TCI-
looking patch (red line, Fig. 8a).

The phyllosilicate pseudomorph TCI-2 (Fig. 8b) is a
single TCI-looking patch with totals up to 96 wt%. The

interior is dominated by a fibrous texture. TCI-2 is
partly surrounded by a FGR and an AOA (amoeboid
olivine aggregate) is directly connected to the TCI-
patch. Small cracks around the TCI-2 are present but
not as prominent as for TCI-1.

Unknown Clot-Like Inclusions

A remarkable feature in the sample NWA 11024 is
the unknown clot-like inclusions (UCLIs; Figs. 4, 6d,
7e, 7f, and 9). These small objects are widespread within
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A
f 100 pm

Fig. 7. Backscattered electron images of six Ca,Al-rich inclusions. a) CAI A-D3-2 is a fine-grained CAI with mainly spinel in the interior
and a partly fragmented diopside and olivine rim; b) CAI B-A4-1 contains spinel, diopside, olivine, perovskite, Al-diopside, and a PGE-
nugget (Ir,0s,Mo,Ru-nugget); ¢c) A-C2-1 is a fragmented CAI with mainly spinel, diopside, and hibonite; d) CAI B-B6-3 is a relative
small inclusion with spinel in the core and a diopside/Al-diopside rim; e) Inclusion A-C3-1 shows a contorted/sinuous appearance with
mainly diopside and minor spinel; f) CAI B-B7-1 is a relative large inclusion containing spinel, diopside, and fassaite. ol = olivine;
sp = spinel; dp = diopside; Al-dp = Al-rich diopside; fas = fassaite; hib = hibonite; pv = perovskite; PGE = platinum group elements.

the whole sample, but only occur as individual
components within the FGRs and not in the matrix.
Most of the UCLIs are small, round inclusions of <5-—
30 um in diameter, but some are as large as 50 um in
size and irregularly shaped (Fig. 9a). Many UCLIs are
surrounded by cracks and this feature clearly
distinguishes them from the other constituents of the
FGR. The UCLIs contain distinct mineral phases like
“large” olivine and metal grains, which are clearly
visible by SEM (Fig. 8b). The mineralogy of the UCLIs
will be described in more detail in the TEM
Investigations section.

The bulk composition of the UCLIs is similar to that
of the FGR, but differs in the concentrations of S and Fe
(Table 2). Also, the totals of the UCLIs (~95.3 wt%) are
clearly higher than those for the FGR (~86.5 wt%)).

Oxygen Isotopic System

Two pieces of the sample NWA 11024 were
analyzed. The results compared with those of NWA
5958 (Jacquet et al. 2016) and Paris (Hewins et al. 2014)
are shown in Fig. 10. The two bulk samples have a
370 of —1.60%, and —1.44%, and a 8'*0O of 6.85%, and
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Table 3. Composition of various selected mineral phases in different CAls from NWA 11024. See supporting

information for more data (Table S5).

CAI A-C3-1 A-D3-1 A-B3-2 B-A4-1 A-CI-3 B-A4-1 A-C2-1
Mineral Diopside Al-diopside Fassaite Spinel Olivine Perovskite Hibonite
Na,O 0.03 0.05 0.03 nd 0.03 nd 0.04
MgO 18.3 16.6 13.00 28.4 56.8 0.13 2.96
AlLO; 2.75 5.5 12.9 70.5 0.02 0.75 86.1
SiO, 54.6 52.2 46.2 0.03 429 0.09 0.10
CaO 24.6 25.2 25.1 0.12 0.10 39.8 7.9
TiO, 0.03 0.42 2.32 0.93 0.03 57.1 2.17
FeO 0.74 0.30 0.80 0.25 0.87 0.34 1.05
MnO 0.04 <0.01 nd 0.03 0.19 0.04 nd
NiO nd 0.05 0.03 <0.02 nd nd 0.08
CoO nd nd nd nd <0.01 nd <0.02
ZnO 0.18 0.22 0.17 nd 0.19 <0.02 0.16
Cr,05 0.05 0.06 0.12 0.21 0.17 nd 0.04
Total 101.0 100.4 100.4 100.5 100.9 98.3 100.4
En 50.2 47.6

Wo 48.6 51.9

Fo 99.1

nd = not detected.

6.079,, respectively. Both measured samples plot in the
'60-rich area of the CM field.

Bulk Chemical Analyses

The bulk main and trace element compositions
compared with NWA 5958 and Paris are listed in
Table 4. Since the Si concentration was not determined,
SEM-EDS was additionally used to determine the bulk
composition (and Si in particular) of thin section A.
The measured SEM-EDS results for the major elements
are similar to the values obtained by ICP-AES and ICP-
SFMS. One exception is the FeO value measured by
EDS which is somewhat lower. This may be due to the
lack of large weathered (or unweathered) metal grains
within the randomly set and analyzed areas.

The bulk sample contains 31.0 wt% SiO,, 33.1 wt%
FeO, 24.3 wt% MgO, and 2.5 wt% Al,O3; which are
higher than those for Paris and NWA 5958 but are still in
the range of CM chondrites. Normalized to CI, the three
samples show a very similar pattern (Fig. 11) except for
K, Na, Ba, Sr, and U. NWA 5958 and NWA 11024 have
slightly higher K values than Paris, while NWA 11024
shows low Na contents. The different K and Na
concentrations could result from different degrees
(duration) of terrestrial weathering. Alternatively, this
characteristic is due to different locations during the
weathering episodes. For example, Haack et al. (2012)
concluded that CM chondrites are depleted in Na, if
exposed to rain. Considering the trace element
abundances, NWA 11024 shows a relatively flat pattern,
except for Sr, Ba, and U. Sr is ~7 times, Ba is ~38 times,

and U is 6.5 times enriched compared to CI chondrites.
This is typical for terrestrially weathered samples (Stelzner
et al. 1999). The distinct depletion of the moderately
volatile elements (e.g., Na, Zn, Ga, Rb, and Cs) may also
reflect the high degree of terrestrial weathering.

Hysteresis Properties and Magnetic Susceptibility

Hysteresis properties of NWA 11024 are similar to
those of other CM2 falls with a magnetic grain size in the
pseudo-single domain range (Fig. 12). However, because
these parameters are sensitive to both grain size and
magnetic mineralogy (metal and magnetite relative
abundance), the comparison remains qualitative. Saturation
magnetization is five times higher than that of CM falls,
and similar to that of Paris. It indicates a metal content of
2.1 wt% (this is the maximum value computed considering
that there is only metal and no magnetite within the
sample). The magnetic susceptibility is also higher than that
for CM falls and similar to the value of Paris.

The ratio of saturation magnetization to
ferromagnetic susceptibility, which can be used as a
qualitative proxy to evaluate the dominance of metal
versus magnetite, is 2.21(£0.20) x 10° for the two thin
sections, and 1.98 x 10° for the measured bulk sample
of NWA 11024. For Paris, this ratio is 2.28
(£0.46) x 10° (average of nine samples), and 1.09
(£0.28) x 10° for seven CM2 falls (data from Cournede
et al. 2015). Theoretical values for multidomain metal
and magnetite are 4.12 x 10° and 1.53 x 10°,
respectively (note that these theoretical values are grain
size dependent). For comparison, H and L chondrites
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Fig. 8. Backscattered electron images: a) TCI-1 pseudomorph:
Aggregate of different former TCIs (blue dotted lines)
surrounding a fragmented CAI (green dotted line). The red solid
line marks the area of the FIB section. The red dotted line
indicates the FGR around the CAI. b) TCI-2 pseudomorph: A
single TCI pseudomorph (blue dotted line) partly surrounded
by a FGR (red dotted line) and an AOA (green dotted line). c)
Three small phyllosilicate pseudomorphs (<10 pm) in a fine-
grained rim. phyl: phyllosilicate pseudomorphs; AOA =
amoeboid  olivine aggregate; FGR = fine-grained rim;
CAI = Ca,Al-rich inclusion. (Color figure can be viewed at wile
yonlinelibrary.com.)

that have Fe,Ni metal and no magnetite give a ratio of
2.32 x 10° (measured on 56 falls; Gattacceca et al.
2014). This shows that the magnetic mineralogy of
NWA 11024 is similar to that of Paris, and is more
metal rich than that of other CM chondrites.

Raman Spectroscopy

The carbon embedded in the matrix can be used to
estimate the peak temperatures a meteorite has seen in its
evolution. The ability of Raman spectroscopy was
applied to the structural change of carbonaceous
material with higher temperatures to produce a
geological thermometer. One hundred and twenty-seven
measurements were performed in which the FWHM of
the D1-band (Fig 13a) varied from ~160 to ~140 cm ™'
with an average of 150 cm™' (Fig. 13b). Using the
correlation (Equation 1) obtained by Homma et al.
(2015), an average peak temperature of the carbonaceous
material is estimated to be 16 + 30 °C (1o).

X-Ray Diffraction

The X-ray diffraction between 5 and 22 29 (°)
shows no peaks at ~8.1 and ~16.2 29 (°) (Fig. 14),
where the strongest reflections of phyllosilicates would
be. A small reflection appears at ~17.2° (forsterite) and
a distinct one at ~21.4° (main peak of goethite). Heated
CM chondrites from stage II onwards in Nakamura
(2005) show also no peak, whereas unheated/stage I
samples have a prominent peak for serpentines.

TEM Investigations

Two FIB samples were obtained from a fine-grained
rim (FGR) including an UCLI (Figs. 9, 15, and 16),
and a complex aggregate showing a typical
phyllosilicate-related morphology (TCI-1, Fig. 8a).

The normal portion of the FGR sample shows a
heterogeneous, porous mixture of olivine, pyroxene, Ni-
rich metal, and Fe-sulfide grains (the largest identified
as troilite). In between the well-formed grains, a
nanocrystalline phase occurs that yields ring patterns in
selected area electron diffraction (SAED) matching the
lattice spacings of olivine. Neither the characteristic
lattice spacings of phyllosilicates nor substantial
amounts of amorphous material could be detected.
However, the presence of small amounts of amorphous
material cannot be completely ruled out.

TEM-EDS analysis of the UCLIs (Table 5)
indicates that the nanocrystalline material is Fe-rich and
that its molar Si/(Mg+Fe) is typically >0.5 as expected
for olivine. This may be indicative of the presence of
some Si-rich, amorphous material. The enrichment of
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Fig. 9. Backscattered electron images: a) Part of a FGR surrounding a type Im chondrule. The UCLIs (arrows) are clearly
visible in the rim. The white square marks the UCLI from Fig. 8b. b) Typical UCLI with a fine-grained matrix containing
olivine and metal grains. The red line marks the position of the FIB section. ol = olivine; FeNi = Fe,Ni metal. (Color figure can

be viewed at wileyonlinelibrary.com.)
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Fig. 10. Oxygen isotope composition of two aliquots of NWA 11024 (black squares). The table shows the results compared to
Paris (Hewins et al. 2014), NWA 5958 (Jacquet et al. 2016), and Maribo (Haack et al. 2012). Data for O-isotopes of other
C-chondrites are from Clayton and Mayeda (1999), Greenwood et al. (2010 and references therein), and Tonui et al. (2003).

(Color figure can be viewed at wileyonlinelibrary.com.)

Fe in the fine-grained material contrasts with the very
Mg-rich olivine and pyroxene present as large, well-
formed grains (Mg#: 98-99 mol%). The nanocrystalline
olivine in the fine-grained material is accompanied by
grains of Ni-poor Fe-sulfide and Ni-rich metal
(~Fes0CosNiyy) reaching sizes in the range of several 10s
to 100s of nm.

The nanoscale mineralogy of the clot-like structures
within the sampled FGR is very similar to the normal

portion of the FGR and differences mainly exist in the
quantitative modal abundance of phases. TEM-EDS
shows a slightly larger Fe/(Mg+Fe) ratio and less Si-
enrichment relative to the normal fine-grained material
surrounding the UCLIs (Table 5). Fe-sulfide (most
probably troilite) is more abundant and metal grains are
nearly absent within the clot-like object, with the
exception of one large, highly irregularly shaped Ni-rich
metal grain (~1500 nm; Fig. 16, top row). The
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Table 4. Major and trace element bulk composition of NWA 11024 (this study) compared to those of Paris
(Hewins et al. 2014), NWA 5958 (Jacquet et al. 2016), and CM mean (Lodders and Fegley 1998).

This study This study NWA NWA
wt% Brest EDS Paris 5958 CM mean ppm This study Paris 5958 CM mean
SiO, nd 31.0 28.7 29.4 30.5 Nb 0.44 0.38 0.39 0.40
TiO, 0.13 0.10 0.10 0.11 0.09 Cs 0.07 0.13 0.12 0.11
Al,O4 2.56 2.32 2.07 2.25 2.14 Ba 93.7 3.24 21.9 3.10
FeO 33.1 29.0 25.6 24.7 27.17 La 0.37 0.33 0.56 0.32
MnO 0.27 0.25 0.22 0.22 0.21 Ce 0.95 0.83 1.27 0.94
MgO 24.3 23.6 19.8 20.1 19.07 Pr 0.14 0.13 0.19 0.14
CaO 1.67 1.65 1.61 1.31 1.80 Nd 0.72 0.64 0.88 0.63
Na,O 0.19 0.38 0.67 0.54 0.53 Sm 0.23 0.21 0.26 0.20
K,0 0.10 0.12 0.04 0.09 0.04 Eu 0.09 0.08 0.09 0.08
P,0s 0.32 0.42 0.28 0.34 0.24 Gd 0.33 0.29 0.32 0.29
ppm Tb 0.06 0.05 0.06 0.05
Li 2.9 1.6 2.8 1.5 Dy 0.41 0.35 0.38 0.33
Be 0.03 0.03 0.04 0.04 Ho 0.09 0.08 0.08 0.08
Sc 10.4 8.38 8.04 8.20 Er 0.26 0.23 0.24 0.22
\% 80.7 72.1 68.5 75.0 Tm 0.04 0.04 nd 0.04
Co 660 651 586 560 Yb 0.25 0.23 0.24 0.22
Cu 144 128 110 130 Lu 0.04 0.03 0.03 0.03
Zn 159 180 143 180 Hf 0.16 0.14 0.15 0.18
Ga 8.4 7.7 7.8 7.6 Ta 0.02 0.02 0.02 0.02
Rb 1.3 1.7 1.0 1.6 w 0.12 0.09 0.14 0.16
Sr 52.1 10.8 39.8 10.0 Pb 1.89 1.51 1.67 1.60
Y 2.6 2.1 2.3 2.0 Th 0.04 0.04 0.06 0.04
Zr 5.8 4.8 4.5 7.0 U 0.05 0.01 0.05 0.01

nd = not determined.

nanocrystalline olivine is more densely packed with
correspondingly less pore space in the UCLIs compared
with olivine in the surrounding fine-grained rim.

The FIB sample obtained from the apparent
phyllosilicate aggregate shown in Fig. 8a yielded SAED
ring patterns  (Fig. 17)  fully  consistent  with
nanocrystalline olivine. EDS analysis shows that this
material is highly enriched in iron (~Fagg). Although
even at the TEM scale the aggregate strongly resembles
a phyllosilicate, no characteristic lattice spacing of
cronstedtite or similar phases were detected. The grain
size of individual olivine crystals is on the order of 10—
100 nm. Besides the dominant Fe-rich olivine, only
minor amounts of Fe-sulfide (most probably troilite)
were found.

DISCUSSION
Classification of NWA 11024

After preparing two polished thin sections, the
sample was recognized to be a carbonaceous chondrite
based on the high abundance of fine-grained material
(dust rims, matrix). Additionally, the oxygen isotope
data show that it is related to the CM chondrite-

forming region. However, phyllosilicates and calcite
grains are missing and NWA 11024 was accepted by the
Nomenclature Committee as an anomalous CM
chondrite. Whether NWA 11024 is indeed a CM
chondrite or an unusual carbonaceous chondrite needs
to be clarified.

Chondrules, CAIs, and other components are
embedded in an optically dark matrix, which makes up
~64 vol% (matrix and FGR). The abundance is quite
similar to abundances of fine-grained components in
other CM chondrites (e.g., McSween 1979a; Metzler
et al. 1992). Therefore, it is clear that NWA 11024 is a
carbonaceous chondrite and the abundance of fine-
grained material speaks for a CM chondrite. The oxygen
isotopes plot in the '®O-rich area of the CM field. Many
(not all) of the heated CM chondrites tend to plot on
the right side of the CO-CK-CM line (Fig. 10) similar to
NWA 11024. Most of the CAIs are small (<100 pm) and
characterized by a core of spinel and a Ca-pyroxene rim.
The size distribution, mineralogy, and the abundance
(~1.2 vol%) are in good agreement with those of other
CM chondrites (Brearley and Jones 1998; Rubin 2011;
MacPherson 2014). Large CAls are missing and none of
the 82 studied CAls contains melilite, which is different
from CAls in CO chondrites that typically contain
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Fig. 11. Cl-normalized bulk composition of NWA 11024 compared to those of NWA 5958 (Jacquet et al. 2016), Paris (Hewins
et al. 2014), and CM mean values (Lodders and Fegley 1998). CI values are from Barrat et al. (2012). (Color figure can be

viewed at wileyonlinelibrary.com.)

melilite (Brearley and Jones 1998). CAIs from CV
chondrites are typically larger than in NWA 11024
(MacPherson 2014) and the modal abundance is too low
compared with CV chondrites (~3.0 vol%; Rubin 2011).

The bulk Al/Mn and Zn/Mn ratios of different
meteorite groups plot in distinct compositional clusters
(e.g., Kallemeyn et al. 1996). NWA 11024 plots together
with NWA 5958 and Maribo next to the CM field
(Fig. 18) and clearly aside from other carbonaceous
chondrite  groups.  Furthermore, the magnetic
(hysteresis) properties of NWA 11024 are similar to
those of other known CM2 falls or the CM chondrite
find Paris. All these different results points clearly to a
CM chondrite classification of this rock.

Since the olivines do not show undulatory
extinction and most of the Ni-poor metals are
destroyed, the degrees of shock metamorphism and
weathering are S1 (according to the scale of Scott et al.
1992) and severe (W3, using the classification scheme
for ordinary chondrites of Wlotzka 1993), respectively.

Unknown Clot-Like Inclusions

NWA 11024 shows significant differences to other
known CM chondrites. One remarkable feature is the
occurrence of unknown clot-like inclusions (UCLIs).
They are found most prominently in the fine-grained
rims of the type Im chondrules, but are also present in
the fine-grained rims of other chondrules and CAls.

The bulk composition of UCLIs differs from the
surrounding FGR mainly by their higher S and Fe
values (Tables 1, S3, and S4) caused by a quantitative

higher modal abundance of troilite (Figs. 15 and 16).
Furthermore, the UCLIs have a higher density resulting
in analytical totals of ~95 wt%, whereas FGRs show
totals of ~86.5 wt% (Table 2).

Similar inclusions in the FGR of the meteorite
Elephant Moraine 96029 were described by Lee et al.
(2016) as compact and amorphous/nanocrystalline
patches of some pm in size. Analogous patches are
present in the matrix of the weakly altered fragments
within the Paris breccia (Hewins et al. 2014). Lee et al.
(2016) concluded that these patches were probably
nebular in origin. The preservation of this primitive
material shows that some components escaped aqueous
alteration speaking for a weakly altered sample.

Furthermore, Chizmadia and Brearley (2008)
described heterogeneities in the FGR of Y-791198 at the
submicron scale that are divided into distinct S-rich and
S-poor regions which appear as irregularly shaped
regions of 0.2-0.5 um in size. The two regions differ
mainly in little variation of their mineralogy, texture, and
grain sizes. This description is very similar to the
characteristics of UCLIs compared to the FGRs. This
leads to the assumption that the small areas described by
Chizmadia and Brearley (2008) are related to the UCLIs
in NWA 11024; even the UCLIs are larger and more
distinct than those in the FGR of Y-791198. The S-rich
regions in Y-791198 contain also serpentine, which is not
present in the UCLIs in NWA 11024. As will be discussed
below in more detail, this can be caused by a heating
event on the parent body of NWA 11024, which
decomposed the phyllosilicates to Fa-rich olivine and
troilite. This is also an argument in order to explain why
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Fig. 12. Magnetic hysteresis parameters for NWA 11024 and
comparison with other CM chondrites. Data for Paris are from
Hewins et al. (2014). Data for CM falls are from Cournede et al.
(2015). (Color figure can be viewed at wileyonlinelibrary.com.)

the nanocrystalline material in the UCLIs is more Fe-rich
than “larger” olivine and pyroxene grains (see the Results
of the TEM Study section) and also why troilite is more
abundant within the UCLIs than in the surrounding
FGR.

It has to be mentioned that a heating event may
have caused S-loss of some regions within the FGR.
But in this case, a gradual depletion of sulfur from the
inner to the outer part of the FGR must be present.
However, this is not the case. The UCLIs are present as
small patches in the outer and inner part of the FGR.
Furthermore, it may be speculated that the UCLIs
represent initial stages of aqueous alteration of the
FGR material, which formed phyllosilicates and
tochilinite—cronstedtite  intergrowths (TCI), which
subsequently decomposed to produce nanocrystalline
Fa-rich olivine and troilite. This pathway may explain
the visually larger bulk density, smaller grain size, and
the higher abundance of sulfide grains in the unknown
clot-like structures (Fig. 9). The olivine, pyroxenes, and
the metal grains in the FGR had also to be generated
by the heating event, which would require at least
750 °C (see next paragraph for more details). Such a
process would not explain the compositional differences
(especially in sulfur) between the UCLIs and the rest of
the FGRs. Therefore, the unknown clot-like inclusions
must be of primary origin and have been present in the
FGRs before the accretion on the parent body.

Chizmadia and Brearley (2008) also concluded that
the S-rich and S-poor patches were formed as individual
objects in the solar nebula. They accreted together with
other fine-grained components to form the fine-grained
rims. As a consequence, the FGRs are accretionary dust
mantles as described in Metzler et al. (1992). However,
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Fig. 13. a) An example spectrum of carbonaceous material in
the NWA11024 matrix. The fit is a result of the accumulation of
four pseudovoigt bands. b) The 127 obtained Raman
temperatures show a Gaussian distribution with an average of
16 £ 30 °C (lo). (Color figure can beviewed at wiley
onlinelibrary.com.)

S-rich and S-poor dust cannot be formed in the same
location of the solar nebula (Chizmadia and Brearley
2008) and consequently, the UCLIs and the rest of the
fine-grained material were mixed together from two
different regions.

Possible source objects for the UCLIs could be
interplanetary dust particles (IDPs), which was also
assumed for the amorphous material in the FGR of
Y-791198 (Chizmadia 2005; Chizmadia and Brearley
2008). There are different types of IDPs and the best
fitting are chondritic and cometary IDPs which are
similar in size and composition. They are between 5 and
30 pm large porous aggregates containing mainly
pyroxene (enstatite), olivine (forsterite), Fe-rich sulfides,
amorphous material, and different phyllosilicates
(Bradley 1988, 1994). They are seen as dust or debris
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140 petrologic type 2 (carbonaceous) and type 3
120 goethite (carbonaceous and ordinary) chondrites is due to a higher
] ) porosity than found in type 4-6 chondrites. In addition,
E 100 Efmte"te in case of the carbonaceous type 2 chondrites, the high
‘@ 80 abundance in volatiles may be responsible for different
§ responses to shock compression. Experiments of
% 60 Tyburczy et al. (1986) have demonstrated that Murchison
E 40 main peaks can be partially .devolatilized by §hock pressures of
£ 45 tochilinite 11 GPa and experience total devolatilization at 30 GPa.
= Although the higher degree of porosity of type 2

chondrites may cause higher post-shock temperatures
5 0 98¢ P 20 (and therefore melting at lower pressures) and the higher

Fig. 14. X-ray diffraction pattern obtained from a piece of
NWA 11024. No reflection related to the occurrence of
tochilinite is visible (dotted lines). A small reflection of forsterite
(~17.3°) is present as well as the main peak of goethite (~21.4°).

from comets, icy asteroids, Main Belt asteroids, or
protoplanets (e.g., Bradley 1994; Rietmeijer 1998). One
difference is the occurrence of the Ni-rich metals in the
UCLIs, while Ni-poor taenite is common in most
described IDPs (e.g., Fraundorf 1981; Rietmeijer 1998).
But still, small particles of ice-rich asteroids or icy
bodies are a plausible source for the UCLIs.

Finally, a heating event decomposed the small
phyllosilicates in the unknown clot-like inclusions after
the accretion in the FGR (most possible on the final
parent body). Such a heating process could produce a
high total density, decompose the phyllosilicates to Fa-
rich olivine and troilite, and trigger the formation of
shrinking cracks around many UCLIs. Thus, it is
important to know the heating source and which peak
temperatures could have been responsible in order to
explain the mineralogical and chemical characteristics
within the sample.

Source of Heating Process

Different heating sources are possible. They include
shock-induced heating caused by impacts, solar
irradiation, or heating by radioactive decay of short-
and long-lived radioisotopes. Impacts and collisions
between larger bodies were one of the fundamental
processes in the early solar system (Shoemaker 1977).
However, Scott et al. (1992) reported that the least
shocked chondrite groups are CM2 and CO3: 36 out of
38 members are classified as shock stage SI (<5 GPa),
and only one CM2 chondrite was shocked to stage S2.
The shock stage of S2 would indicate an equilibrium
shock pressure of 5-10 GPa (Stoffler et al. 1991, 2018;
Bischoff and Stoffler 1992).

Stoffler et al. (1991) and Scott et al. (1992) have
suggested that the deficiency of strongly shocked

volatile contents can disperse more easily in the shocked
rocks (Scott et al. 1992), distinct shock features in olivine
(undulatory distinction and planar fractures at pressures
between 5 and 15 GPa) must be recognized already
during shock processes leading to partial devolatilization.
Moreover, moderate, yet nondisruptive, shock
compression is expected to result in considerable
compaction by the collapse of intergranular pores. In
contrast, NWA 11024 exhibits no shock features in
olivine, preserves a remarkably high degree of porosity in
the FGRs, and does not show evidence for uniaxial
compression (e.g., by flattened chondrules). Based on
these observations, we exclude significant heating and
losses of volatiles due to shock loading.

As impacts can be excluded, radioactive decay and
solar heating remain as likely sources of heating. Long-
and short-lived isotopes were an important heat source
in early formed planetesimals and were able to create
the temperatures necessary for aqueous alteration and
thermal metamorphism (Gail et al. 2014). It is possible
that material from deeper regions of a CM parent body
experienced higher temperatures than material closer to
the surface, similar to the onion shell model of ordinary
chondrites. Also possible is heating by solar irradiation
during low perihelion passages of either the parent body
of NWA 11024 or its meteoroid. This would have
induced one or more relatively short-temperature
excursions that would have primarily affected the
topmost surface of the body. The depth of thermal
effects depends on the orbital parameters, size, and
surface material of the body (e.g., Michel and Delbo
2010).

Thus far, no decisive criteria have been established
to differentiate heating processes, but peak temperature
and duration are obviously important parameters that
can be estimated from petrological observations.

Thermal Annealing of C Chondrite Parent Bodies and
Determination of the Peak Temperatures

The peak temperatures a rock has experienced
during thermal annealing can be determined by different

25UB01"] SUOLLILIOD 9A11E910 3|1 fdde 3Ly AQ pouiaA0b 8.2 SO YO 95N J0 SBINJ 10y Aeic]1 ] BUIIUO AB]IA UO (SUONIPUOD-PLE-SLLLIBILLICO"AB 1MW ARG pUIUO//:SdIL) SUONIPUOD PUe Ss | 81 39S *[y202/ZT/TT] U0 ARIqITaUIUO /B|IA ‘S0UeI- BURIL0D Aq ZTZET SdeW/TTTT OT/10p/W00 /5| 1w ARIGIPUIUO//ScIY WOA Papeo|umod ‘Z ‘6T0Z 00TSGH6T



Northwest Africa 11024—An unique CM chondrite 345

Fig. 15. STEM-HAADF image of the FIB section obtained from the FGR shown in Fig. 9. The dashed line marks the extent of
the clot-like structure (upper left) observed in BSE images. Internally, this region is denser packed compared to the normal FGR
material. Ol/Px = olivine or pyroxene, nOl = nanocrystalline olivine, Tro = troilite, FeNi = Ni-rich taenite, Pt = platinum

protective cover.

Fig. 16. STEM-HAADF and -EDS X-ray maps of the UCLI in Figs. 9 and 15 (top row) and the normal FGR material (bottom

Tow).

techniques. One way is to investigate mineral phases
produced by a heating event as different temperature
ranges decompose phases and create new minerals or
parageneses.

Considering the metallic particles within the normal
FGR and the UCLIs, these may have been produced by
the thermal decomposition of Fe,Ni sulfides, similar to
the observed analogues in the thermally metamorphosed
CM-like chondrites Yamato (Y-)86720 and Belgica

(B-)7904 (Harries and Langenhorst 2013), as well as in
many other heated CM-like chondrites (e.g., Bischoff
and Metzler 1991; Nakamura 2005). Y-86720 and B-
7904 belong to the heating stage IV of Nakamura
(2005), which corresponds to a temperature of >750 °C
during a brief heating event. However, in Y-86720 and
B-7904, the newly formed metallic particles are Ni-poor
(~6 atom%), while those observed here are generally
Ni-rich (NFegoNiy)).
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Table 5.  Representative TEM-EDS analyses of
finegrained material in the FIB-sampled FGR and
UCLI (normalized to a total of 100%).

FGR at% 1 2 3 4 5 6 7
(0] 57 58 59 59 59 60 61
Mg 18 15 14 13 18 16 12
Al 1.4 1.8 1.6 2.0 1.9 2.2 2.5
Si 14 15 17 24 16 19 21
Fe 9.1 10 9.1 2.3 5.1 32 3.1

Mg# mol% 67 60 60 85 78 83 80
Si/(Mg+Fe) 05 06 0.7 1.6 0.7 1.0 1.3

UCLI at% 8 9 10 11 12 13 14
(0) 58 59 58 59 58 59 60
Mg 11 13 13 10 14 13 12
Al 1.7 1.5 1.9 1.6 1.8 1.9 2.2
Si 15 18 16 16 15 17 18
Fe 13 84 10 13 11 9.3 8.1

Mg# mol% 45 61 57 43 57 59 60
Si/(Mg+Fe) 0.6 038 0.7 07 06 07 09

This suggests that the loss of S may have happened at
lower temperatures, because Ni-rich sulfides such as
pentlandite are expected to be thermally less stable than
FeS based on their thermodynamic properties (Waldner
and Pelton 2004). The actual temperature of
decomposition strongly depends on the sulfur fugacity of
the system, which can be constrained by the coexistence
of troilite (tro) and Fe,Ni metal based on the equilibrium:

FeS(tr0) = Fe(in Fesoniso) + 0.5S2(e)

This allows estimating the minimum temperature of
pentlandite decomposition based on the assumption that
any initially present pentlandite (pn) had a similar
Fe/Ni ~ 1 ratio as observed in the metal. The
applicable equilibrium is:

FeoSg(inpn) = 9Fe€(in Fesoniso) + 4Sa(g)

With the appropriate thermodynamical data and
activity coefficients for Fe in metal and in pentlandite
(Hillert and Qiu 1991; Waldner and Pelton 2004, 2005),
the resulting minimum temperature is ~280 °C. Above
this temperature, pentlandite with the composition of
Fe,4 5sNiy 5Sg may not coexist with FesoNisy metal in the
presence of troilite. Because pentlandite has not been
observed in the FGR or UCLIs, more detailed
constraints are not possible to consider. This reveals
that a heating event with a minimum temperature of
~280 °C must have taken place.

Another way to determine the peak temperature is the
classification scheme for heated carbonaceous chondrites

from stage I-1V defined by Nakamura (2005). This system
is mainly based on X-ray diffraction analyses of the
phyllosilicates in the matrix. Combined with heating
experiments on Murchison by Akai (1992), stage I shows
no phase changes below 300 °C. About 300-500 °C (stage
II) are necessary that serpentine (Akai 1990b, 1992;
Zolensky et al. 1993) and tochilinite start to decompose
(Gooding and Zolensky 1987) and a transitional structure
of serpentine and olivine appears. Between 500 and 750 °C
(stage III), olivine starts to crystallize increasingly growing
with higher temperature. Above 750 °C (stage 1V), low-Ca
pyroxene begins to crystallize (Nakamura 2005).
Considering the presence of pristine troilite (not
decomposed to Ni-poor metal), the dehydration of initially
present phyllosilicates, and crystallization of micro-olivine
and no low-Ca pyroxene, the heating of NWA 11024 may
be constrained to stage 111 (500-750 °C) rather than stage
IV of Nakamura (2005).

As the olivines within the sample show various
compositions from Fo-.¢9 to Foz; (Fig. 5), the
metamorphism at temperatures above 700 °C must have
been extremely short, otherwise the range in olivine
compositions could not survive. Furthermore, during
prolonged heating at ~600 °C, the rims of chondrules
and chondrule/olivine fragments start to interact with
the matrix, resulting in blurring effects on their edges
(Tonui et al. 2014). This is not visible in NWA 11024
and 600 °C can be seen as an upper limit of thermal
annealing on long time scales compatible with
radiogenic heat production at depth within the parent
body. Because no phyllosilicates are preserved in
chondrules, yet no blurring effects at chondrule rims are
present, we suppose a heating event at temperatures
between 400 and 600 °C if it occurred on long time
scales. Note that shorter heating duration would allow
for higher peak temperatures, because textural
equilibration and the blurring of original structures is a
slow process. The temperature predicted for a longer
heating event is in good agreement with the temperature
estimates of 400-600 °C for the mildly aqueously
altered and heated CM carbonaceous chondrite EET
96029 (Lee et al. 2016) and 500 °C for the heated
meteorite Y-793321 (Nakamura 2000).

This heating event in Y-793321 likely caused an
increasing of the mean totals of the matrix to 92 wt%
(Nakamura 2006). This was confirmed by heating
experiments at 600 °C which increased the totals of
Murchison’s matrix from 80.7 wt% to 93.1 wt% (Nakato
et al. 2008). These reported mean totals for matrices in
other annealed CM chondrites are in a good agreement
with the mean totals revealed during analyses of fine-
grained constituents of NWA 11024. Therefore, for
NWA 11024, we conclude a peak temperature of at least
400 °C, but not higher than 600 °C on long terms.

25UB01"] SUOLLILIOD 9A11E910 3|1 fdde 3Ly AQ pouiaA0b 8.2 SO YO 95N J0 SBINJ 10y Aeic]1 ] BUIIUO AB]IA UO (SUONIPUOD-PLE-SLLLIBILLICO"AB 1MW ARG pUIUO//:SdIL) SUONIPUOD PUe Ss | 81 39S *[y202/ZT/TT] U0 ARIqITaUIUO /B|IA ‘S0UeI- BURIL0D Aq ZTZET SdeW/TTTT OT/10p/W00 /5| 1w ARIGIPUIUO//ScIY WOA Papeo|umod ‘Z ‘6T0Z 00TSGH6T



Northwest Africa 11024—An unique CM chondrite 347

3nm-

Fig. 17. TEM-SAED patterns. a) Pattern obtained from the phyllosilicate pseudomorph (TCI-1; compare Fig. 8a) showing
partial rings indexed for olivine. No other phase than nanocrystalline olivine was detected. b) Pattern obtained from the clot-like
structure in Fig. 15. Partial diffraction rings of nanocrystalline olivine dominate, other reflections belong to troilite.
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Fig. 18. Al/Mn versus Zn/Mn plot including the bulk
composition of NWA 11024 compared with distinct clusters of
different meteorite groups (Kallemeyn and Wasson 1981,
1982; Kallemeyn et al. 1994). NWA 11024 (red square) plots
together with NWA 5958 and Maribo at the CM field. (Color
figure can be viewed at wileyonlinelibrary.com.)

Because mildly heated CM2 chondrites such as Y-793321
do not contain abundant olivine formed from dehydrated
phyllosilicates as observed in NWA 11024, a short-term
temperature excursion above 600 °C, possibly by solar
heating of the meteoroid, cannot be fully excluded.
Raman spectroscopy is another applicable technique
to produce a geological thermometer (between 20 and
540 °C) due to the changes in the structures of
carbonaceous material in chondrites with increasing
temperature (Homma et al. 2015). The results of the
Raman investigation show that carbonaceous material in
NWA 11024 experienced a temperature of 16 + 30 °C

(1o). These results contradict with the estimated peak
temperatures obtained by matrix and chondrule textures
that indicate a temperature of 400-600 °C. However, this
temperature difference can be explained by the overall
strong modification of the sample by terrestrial
weathering. Severe weathering can cause the alteration
or exchange of organic matter with terrestrial
carbonaceous material (Sephton 2004; Bland et al. 2006;
Busemann et al. 2007). Sephton (2004) mentioned that
the organic matter inside meteorites is the most
susceptible component to terrestrial weathering and that
heavily weathered samples contain one order of
magnitude less organic matter compared to less-altered
samples. Busemann et al. (2007) detected changes of the
Raman spectra in heavily weathered hot desert samples
and proposed two theories as follows, suggesting either
(1) an increased ordering in the structure of the
inorganic matter observed by smaller D- and G-bands
caused by terrestrial weathering or (2) the loss of fragile
organic matter and the replacement by terrestrial organic
matter. In rare cases, the complete absence of organic
matter caused by terrestrial weathering can be observed
(Busemann et al. 2007). The mismatch between the low
temperatures obtained by Raman carbon thermometry
and the higher temperatures obtained by the
mineralogical considerations for the sample can thus
most likely be explained by the loss of extraterrestrial
carbonaceous matter and the replacement by terrestrial
organic matter driven by terrestrial weathering.

Degree of Aqueous Alteration

The first phases produced by aqueous alteration are
phyllosilicates and calcite grains. The meteorites Paris
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and Maribo, having fragments of the least altered
known CM materials, show large areas of TCI-clumps
and contain calcite grains. However, both components
are missing in the sample NWA 11024. This
distinguishes NWA 11024 from all other known CM
chondrites and also from different volatile-rich, dark
inclusions in brecciated chondrites and achondrites
which are linked to CM or CI chondrites (e.g., Endrel3
et al. 1994; Zolensky et al. 1996; Patzek and Bischoff
2015; Patzek et al. 2016, 2018; Fioretti et al. 2017).

Even these typical aqueous alteration phases are
missing; NWA 11024 plots on the lower '°O-rich part of
the CM field. The phyllosilicates in CM chondrites were
formed by the interaction of '°O-rich anhydrous minerals
with a '°O-poor aqueous fluid and the single linear
pattern strongly speaks for the interaction of two single
reservoirs (Clayton and Mayeda 1999). Increasing the
incorporation of a '®O-poor fluid raise the grade of
mixing and leads to a shift to the upper right '®O-poor
area of the CO-CK-CM line. Considering NWA 11024,
this is not the case and NWA 11024 plots on the '°O-rich
part of the CM field together with the low-altered CM
chondrites Maribo and Paris. This indicates a lower
incorporation of '®O-poor water for these meteorites, and
thus, a lower degree of aqueous alteration.

Some components appearing like small
phyllosilicates or TCIs (pseudomorphs; Fig. 8c) are
present in NWA 11024, but all of them are dehydrated.
The investigation by X-ray diffraction shows that
phyllosilicates are not present anymore or only in a
nondetectible portion. TEM investigations revealed that
phyllosilicates recrystallized to Fe-rich micro-olivine,
which was probably caused by thermal alteration in a
temperature range of 400-600 °C. Calcite grains can
also be destroyed by thermal alteration, but they survive
heating at 600 °C and will not decompose below 8§90 °C
(Deer et al. 1992; Nakato et al. 2008). This needed
temperature is much higher than the estimated
temperature for the parent rock of NWA 11024,
Therefore, we conclude that no calcite grains were
formed during aqueous alteration and that calcite grains
were never present in NWA 11024. This speaks also for
a very minor alteration effect caused by water in this
rock.

A low degree of aqueous alteration is also supported
by the high abundance of metal (also considering the
terrestrial weathering products) with ~2.5 vol%. Metal is
highly reactive to aqueous alteration creating complex
intergrowth of Fe-hydroxides in an early stage of this
process (Tomeoka and Buseck 1985). Consequently, a
higher degree of aqueous alteration causes a lower metal
content. The less-altered CM meteorites Paris and EET
99019 contain 1.2 vol% and 1.7 vol% of metal,
respectively (Hewins et al. 2014; Lee et al. 2016).

100

(2]
o] (o]
95 |
90 | :
'.
— 85 , ¢ 0O
= g
3 Bt o0
%‘ & °® %o W NWA 11024 [this study]
8
> O NWA 5958 [1]
Fos L 4 °® DO Paris [2]
® O EET 96029 [3]
70 | ® © O Murchison [4]
# Cl chondrites [5]
© CM chondrites [5]
e @ CV chondrites [5]
© CO chondrites [5]
60 i A . , i R i
10 15 20 25 30 35 40 45 50
FeO [wt%]

Fig. 19. FeO versus Total values of the matrix analyses in
wt%. NWA 11024 has the highest FeO and total value of all
known CM chondrites and is plotted within the CV field. [1]
Jacquet et al. (2016); [2] Hewins et al. (2014); [3] Lee et al.
(2016); [4] McSween and Richardson (1977); [5] McSween
(1987). (Color figure can be viewed at wileyonlinelibrary.com.)

Magnetic properties measurements of NWA 11024
revealed a metal content of about ~1 vol% (2.1 wt%),
which is similar to that of Paris but >5 times higher than
for CM falls. However, point counting of the two thin
sections of NWA 11024 shows a metal (+altered phases)
content of ~2.5 vol%, which is somewhat higher. The
reason for the discrepancy is terrestrial weathering,
which destroyed a lot of metal and influenced the
determination of the modal metal abundance. In detail,
terrestrial  weathering creates halos around the
weathered metal grains, which let them appear larger
than they really were. Furthermore, the magnetic
susceptibility and saturation magnetization are affected
by weathering of metal and provide a lower limit for the
initial metal content. Despite this discrepancy, point
counting and the magnetic measurements indicate an
initial metal content of several wt% in NWA 11024,
which can be interpreted as indication for a minor
degree of aqueous alteration.

Additionally, it is assumed that a more-advanced
alteration would result in a Fe depletion in the matrix
(McSween 1979a, 1987). The matrix of NWA 11024 has
a high FeO value and marks the upper end of CM
chondrites together with those of the lower altered
meteorites Murchison, Paris, and EET 96029 (Fig. 19).
Likely caused by the heating process and the
decomposition of hydrous minerals (also resulting in
higher analytical totals of the matrix), NWA 11024
plots in the CV chondrite field and not together with
the other less-altered CM chondrites.

25UB01"] SUOLLILIOD 9A11E910 3|1 fdde 3Ly AQ pouiaA0b 8.2 SO YO 95N J0 SBINJ 10y Aeic]1 ] BUIIUO AB]IA UO (SUONIPUOD-PLE-SLLLIBILLICO"AB 1MW ARG pUIUO//:SdIL) SUONIPUOD PUe Ss | 81 39S *[y202/ZT/TT] U0 ARIqITaUIUO /B|IA ‘S0UeI- BURIL0D Aq ZTZET SdeW/TTTT OT/10p/W00 /5| 1w ARIGIPUIUO//ScIY WOA Papeo|umod ‘Z ‘6T0Z 00TSGH6T


www.wileyonlinelibrary.com

Northwest Africa 11024—An unique CM chondrite 349

In summary, the degree of aqueous alteration in
NWA 11024 is lower than that considered for any other
known CM chondrite (e.g., calcite grains and larger
TCIs are missing). There is no doubt that water was
present during the formation and evolution of the
parent rock of NWA 11024 because small dehydrated
former phyllosilicate patches (Fig. 8c) can be found in
the matrix and in the fine-grained rims. However, it
cannot completely be clarified if (1) there was only a
minor content of water causing a low degree of aqueous
alteration or if (2) the heat increased faster than in
other CM chondrites and the time window for aqueous
alteration was too short in order to enable a higher
degree of aqueous alteration and the mixing of the
different O-isotopic reservoirs.

Different Stages of Accretion and Alteration

Important questions are when and where the
aqueous alteration took place? Two different models are
possible (1) the pre-accretionary model (Metzler et al.
1992; Bischoff 1998; Ciesla et al. 2003) and (2) the
parent body alteration model (McSween 1979b, 1987,
Tomeoka and Buseck 1985; Browning et al. 1996). The
parent body alteration model describes a scenario in
which unaltered material accreted, forming the CM
parent body and in situ aqueous alteration occurred.
The pre-accretionary model implements a mixing of
different altered and unaltered materials to form the
parent body on which (besides impact brecciation) no
(or only very minor) subsequent aqueous alteration
took place. This pre-accretionary model includes
aqueous alteration in the solar nebula (e.g., Ciesla et al.
2003) or in loosely consolidated, precursor planetary
bodies which were destroyed by collision resulting in a
mixing of the altered with nonaltered material prior to
formation of second-generation parent body(ies)
(Metzler et al. 1992; Bischoff 1998). In the pre-
accretionary model, fragments of different sizes,
compositions, and degrees of alteration should coexist
next to each other which can be clearly observed in
Bischoff et al. (2017a). Thus, fragments of different
alteration stages are present and mixed together with
unaltered material and in consequence, ‘“reactive”
unaltered phases can coexist and have common
boundaries to heavily altered phases. In the parent body
alteration model, the alteration products should
basically consist of similar phases having the same (at
least a very similar) degree of alteration.

Three points speak against the parent body
alteration model for the evolution of NWA 11024.

1. The UCLIs were not formed as secondary products
during aqueous alteration in the FGRs. They were

formed at an earlier stage, within a different
environment, and were subsequently mixed together
with the unaltered material forming the FGR. A
possible origin for the UCLIs is dust from an icy
object like a loosely formed ice-rich parent body
described by Metzler et al. (1992). The former
phyllosilicates in the UCLIs decomposed to Fa-rich
olivine and troilite by a heating event on the NWA
11024 parent body.

2. TCI pseudomorphs as shown in Fig. 8 are more
likely clasts than in situ generated objects.
Especially TCI-2 (Fig. 8b) has a FGR rim without
UCLIs and a small AOA “sticking” onto the clast.
If the FGRs are seen as accretionary dust mantels,
then the TCI-2 patch cannot be formed by aqueous
alteration on the parent body of NWA 11024.

3. TCI-1 has different patches of former TCI-clumps,
which stick together. If they formed in situ, the
different patches should have experienced the same
conditions and consequently showing similar degree
of aqueous alteration. However, the FeO/SiO,
ratios vary significantly between the different
patches, resulting in aqueous alteration indices
(after Rubin et al. 2007) ranging from 2.2 to 2.8,
which indicates different degrees of aqueous
alteration. Furthermore, they strongly differ from
TCI-2, which has a FeO/SiO, ratio of ~ 1.0.

It is possible that additionally a mild aqueous
alteration may have occurred on the final parent body
resulting in the formation of small TCI-patches in the
rims and the alteration of the chondrule mesostasis. But
this  alteration  cannot  explain  mineralogical
characteristics of the two large TCI-patches or the UCLIs
within the FGRs. Consequently, pre-accretionary altered
and unaltered material were accreted and NWA 11024
originated from a second-generation parent body.

CM-an or the First Type 3 CM Chondrite

The study has shown that only a minor degree of
aqueous alteration occurred in the NWA 11024 parent
body and that the sample is free of water-bearing
minerals. NWA 11024 manifests the problem with the
current classification scheme: It is difficult to classify
CM chondrites, which have been aqueously altered, and
then heated and dehydrated. In the actual classification
scheme, type 2 chondrites are water-bearing chondrites,
whereas type 3 chondrites are water-free (<1 wt%). This
raises two questions as follows.

1. Can a dehydrated type 2 CM chondrite be regarded
as a type 3 CM chondrite as it is assumed for e.g.,
the CV3 chondrite Allende (e.g., Krot et al. 2006)?
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2. Is it possible to create a meteorite in the CM region
without water? If a dechydrated type 2 CM
chondrite cannot be regarded as a type 3 CM
chondrite (see option [1]), is it then even possible
that a type 3 CM chondrite can exist?

Considering the first question, it is known that CV
chondrites have undergone alteration that resulted in
the formation of secondary minerals like ferrous olivine
(e.g., Krot et al. 1995, 1997b, 2004, 2006; Kojima and
Tomeoka 1996). This alteration process created ferrous
olivine (Fayp_gp; CVoxa) but also nearly pure fayalite
(Fagg_100; CVexp) in CV chondrites (Krot et al. 2006).
The altered TCI-patches in NWA 11024 show olivines
up to Fagy which is similar to the CV samples. This
leads to the assumption that aqueous alteration and
dehydration by thermal processes occurred in CV
chondrites and in NWA 11024 resulting in
recrystallization of ferrous olivine from phyllosilicates
and dehydration of the meteorites. If this is really the
case for, e.g., Allende, then either Allende has to be
classified as a CV-an or NWA 11024 has to be classified
as a CM3 chondrite.

If NWA 11024 cannot be a type 3 CM then the
existence of CM3 chondrites is questionable. Water was
widespread in the CM-forming region and CM
chondrites experienced various and extensive degrees of
aqueous alteration resulting in a high variability of
alteration phases like different phyllosilicates and
calcites. NWA 11024 shows a similar bulk composition
to other CM chondrites and should have sampled a
similar region of the solar nebula (Chizmadia and
Brearley 2004). Therefore, ice and water must always
have been present in the forming region of CM
chondrite parent body(ies). It seems unlikely to create a
CM chondrite completely without water but with
similar oxygen isotope and bulk compositions compared
with other CM chondrites. The only way to have a CM
chondrite without water is if thermal dehydration after
its formation is considered. Consequently, a type 3 CM
chondrite has to be a dehydrated CM2 chondrite;
otherwise it is questionable if a type 3 CM chondrite
can exist.

CONCLUSION

The meteorite NWA 11024 is a unique sample of
the CM parent body(ies) accretion region. The
composition, mineralogical characteristics, as well as the
oxygen isotopic data indicate strong similarities to other
CM chondrites. However, unlike known CM chondrites,
the effects of aqueous alteration in NWA 11024 are
minimal and did not play a key role in the history.
Calcite grains are missing, which are ubiquitous in even

the least altered CM chondrites like Maribo or Paris
and NWA 11024 is the CM chondrite affected by the
lowest degree of aqueous alteration. A secondary
heating event occurred and dehydrated the sample. This
triggered the decomposition of phyllosilicates and
formation of olivine and also increased the mean totals
of the matrix to the highest known values for CM
chondrites. Furthermore, the fine-grained rims contain
small unknown clot-like inclusions (UCLIs). They are
more S-rich than the surrounding rim and mixing of
different material from different regions of solar nebula
must have occurred. The compositions and mineralogy
of the UCLIs are similar to those of cometary IDPs and
a possible source is loosely consolidated first-generation
planetesimals. Furthermore, the two larger TCI
pseudomorphs are fragments showing that the sample
NWA 11024 originates from a second-generation parent
body. The current classification schemes cannot classify
a CM chondrite with such a low degree of aqueous
alteration, followed by a heating event. However, the
missing of phyllosilicates and calcite grains and the
dehydration of the NWA 11024 strongly speaks for a
classification as a type 3 CM chondrite consistent with a
CV3 classification, for, e.g., Allende.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article:

Table S1. Representative compositions of olivine
and pyroxene of NWA 11024 matrix.

Table S2. Representative compositions of 72
randomly set measurements points of NWA 11024 matrix.

Zolensky M. E., Bodnar R. J., Gibson E. K., Nyquist L. E. Jr.,
Reese Y., Shih C.-Y., and Wiesmann H. 1999. Asteroidal
water within fluid inclusions-bearing halite in an HS5
chondrite, Monahans (1998). Science 185:1377-1379.

Table S3. Representative compositions of 106
randomly set measurements points in fine-grained rims of
NWA 11024.

Table S4. Representative compositions of 83
randomly set measurements points in unknown clot-like
inclusions from NWA 11024.

Table S5. Representative compositions of various
phases in Ca,Al-rich inclusions from NWA 11024.
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