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Abstract–NWA 10214 is an LL3-6 breccia containing ~8 vol% clasts including LL5, LL6, and
shocked-darkened LL fragments as well as matrix-rich Clast 6 (a new kind of chondrite). This
clast is a dark-colored, subrounded, 6.1 9 7.0 mm inclusion, consisting of 60 vol% fine-
grained matrix, 32 vol% coarse silicate grains, and 8 vol% coarse opaque grains. The large
chondrules and chondrule fragments are mainly Type IB; one small chondrule is Type IIA.
Also present are one 450 9 600 lm spinel-pyroxene-olivine CAI and one 85 9 110 lm AOI.
Clast 6 possesses a unique set of properties. (1) It resembles carbonaceous chondrites in
having relatively abundant matrix, CAIs, and AOIs; the clast’s matrix composition is close to
that in CV3 Vigarano. (2) It resembles type-3 OC in its olivine and low-Ca pyroxene
compositional distributions, and in the Fe/Mn ratio of ferroan olivine grains. Its mean
chondrule size is within 1r of that of H chondrites. The O-isotopic compositions of the
chondrules are in the ordinary- and R-chondrite ranges. (3) It resembles type-3 enstatite
chondrites in the minor element concentrations in low-Ca pyroxene grains and in having a
high low-Ca pyroxene/olivine ratio in chondrules. Clast 6 is a new variety of type-3 OC,
somewhat more reduced than H chondrites or chondritic clasts in the Netschaevo IIE iron; the
clast formed in a nebular region where aerodynamic radial drift processes deposited a high
abundance of matrix material and CAIs. A chunk of this chondrite was ejected from its parent
asteroid and later impacted the LL body at low relative velocity.

INTRODUCTION

There is a large diversity of dark-colored clasts in
ordinary chondrites (OC). Some clasts are fragments of
objects that formed in the solar nebula before being
chemically and physically altered on their parent
asteroids. This set includes CM chondrite clasts (Fodor
et al. 1976; Fodor and Keil 1978; Keil and Fodor
1980; Nozette and Wilkening 1982; Lipschutz et al.
1989; Rubin and Bottke 2009) (which also occur in
HED achondrites; Zolensky et al. 1996), CI-like clasts
(Leitch and Grossman 1977; Zolensky et al. 2003,
2015), matrix-rich lumps (Kurat 1970; Leitch and
Grossman 1977; Scott et al. 1984), microchondrule-
bearing clasts (Fodor et al. 1977; Rubin 1982, 1989),

matrix-rich clasts (e.g., Dobric�a and Brearley 2014),
and carbon-rich aggregates (Scott et al. 1981, 1988;
Brearley 1990; Rubin et al. 2005). Other dark clasts are
shock-modified ordinary-chondrite materials; these
include shock-darkened chondritic fragments (Fodor
and Keil 1978; Williams et al. 1985) and some impact-
melt-rock clasts (Leitch and Grossman 1977; Rubin
et al. 1983).

Most clasts within OC regolith breccias were
derived from projectiles. Some of these clasts were
partly impact melted when they collided with their
target (Rubin et al. 1983; Rubin and Bottke 2009);
some may also have been aqueously altered, either on
their original parent body or on their target asteroid
(Rubin et al. 2005).
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Dark clasts within type-3 OC were derived from
several sources. Some probably agglomerated along
with chondrules at the earliest stages of accretion (e.g.,
matrix lumps and microchondrule-bearing clasts; Scott
et al. 1984; Rubin 1989), others may have formed by
collisions on the parent body (e.g., melt-rock clasts in
some L3 and LL3 chondrites; Semenenko and Perron
2005; Semenenko et al. 2005; Johnson et al. 2015), and
a few may be fragments of projectiles (e.g., a black
inclusion in LL3 Krymka; Grossman et al. 1980).

We report here a dark-colored chondritic clast that
represents a new kind of chondrite that was
incorporated into NWA 10214 as a projectile fragment.
It possesses a unique set of properties, individually
characteristic of different chondrite varieties.

ANALYTICAL PROCEDURES

Thin section UCLA 2319 of NWA 10214 was
examined microscopically in transmitted and reflected
light and by backscattered electron (BSE) imaging. BSE
images were made at UCLA with two instruments (1)
the JEOL JXA-8200 electron microprobe using an
acceleration voltage of 15 keV and a working distance
of ~11 mm and (2) the TESCAN VEGA 3 scanning
electron microscope (SEM) using a 20 keV acceleration
voltage and a working distance of ~17 mm. The modal
abundance of matrix in the dark clast was determined
from BSE images using Adobe Photoshop software.
Modal abundances of mineral components in the clast
were made with a Swift automated point counter.

Mineral compositions were determined with the JEOL
microprobe, using a focused beam, natural and synthetic
standards, an acceleration voltage of 15 keV, a 15 nA
sample current, 20 s counting times per element, and ZAF
corrections. The Co values of metal and sulfide grains
were corrected for the interference of the Fe-Kb peak with
the Co-Ka peak. The composition of the fine-grained
matrix in Clast 6 was determined with the JEOL probe
under the same conditions but with a 3 lm diameter beam.

Oxygen-isotope measurements of chondrules and the
CAI (Ca-Al-rich inclusion) in Clast 6 were obtained
in situ with the UCLA Cameca ims 1270 ion microprobe
using a primary Cs+ beam and negative secondary ions.
Samples were sputtered with a primary beam intensity of
10 kV acceleration voltage focused to about a 20 lm spot
size with a primary beam of about 2 nA. A normal
incident electron gun was used to compensate for possible
sample charging. Oxygen isotopes were simultaneously
measured on a multicollector. Two Faraday cups and one
electron multiplier were employed in the analysis. A mass
resolving power >5000 was used to resolve the
interference of 16OH at mass 17. San Carlos olivine
(d18O = 5.2&; Young et al. 2014) was used for the

oxygen-isotope standard. With these conditions, the 2 r
reproducibility of San Carlos olivine measurements
(n = 5) for d18O and d 17O were 0.53& and 0.71&,
respectively. Oxygen-isotopic compositions are given in
units of per mil (&) relative to SMOW (standard mean
ocean water) and expressed as D17O, defined as the
deviation from the terrestrial fractionation (TF) line on
the standard three-isotope graph, where:

D17O ¼ d17O� 0:52� d18O;

d17O ¼ ½ðð17O=16OÞsample=ð17O=16OÞSMOWÞ � 1� � 1000;

d18O ¼ ½ðð18O=16OÞsample=ð18O=16OÞSMOWÞ � 1� � 1000:

RESULTS

Petrography, Mineralogy, and Classification of the NWA

10214 Whole Rock

NWA 10214 was found in Morocco as a single 1816
g stone. The host (Fig. 1) contains sharply defined
chondrules of all major textural varieties: porphyritic
olivine (PO), porphyritic pyroxene (PP), porphyritic
olivine-pyroxene (POP), porphyritic pyroxene-olivine
(PPO), barred olivine (BO), radial pyroxene (RP),
cryptocrystalline (C), and granular olivine-pyroxene
(GOP). The chondrules range in apparent diameter
from ~150 to 6500 lm and average ~500 lm. We also
identified a 530 9 630 lm sized ellipsoidal “dark-zoned
chondrule” (cf. Dodd and Van Schmus 1971) very
similar in appearance to an object in LL3 Semarkona
described by Rubin (1984). Dark-zoned chondrules are
concentrically zoned; their outer mantles contain small
grains of troilite. These objects were later dubbed
agglomeratic olivine (AO) chondrules by Weisberg and
Prinz (1994, 1996). In addition to intact chondrules, the
NWA 10214 host contains numerous chondrule
fragments and isolated mineral grains.

Some of the opaque phases in the rock occur in 200–
300 lm sized globular assemblages that consist of
moderately fine-grained intergrowths of metallic Fe-Ni
(kamacite and taenite) with 4–25 lm sized irregular
patches of troilite. Other 100–300 lm metallic Fe-Ni
grains appear sulfide free. Also present are troilite nodules,
40–2550 lm in maximum dimension (Fig. 2), that contain
no metallic Fe-Ni. The troilite is essentially pure FeS
(Table 1). We found one small weathered grain of
pentlandite with ~19 wt% Ni and ~0.80 wt% Co that had
an analytical total of 94.1 wt%. No coarse grains of
chromite are present.
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The meteorite has been significantly weathered.
Most of the silicate grains have been stained brown
from mobilized oxidized iron. About 70% of the
metallic Fe-Ni grains have been altered to limonite; this
corresponds to weathering-stage W3 (Wlotzka 1993).

It is clear that NWA 10214 is an LL chondrite. The
average chondrule size (~500 lm) is closest to that of
mean LL chondrites (550 lm; table 7 of Friedrich et al.
2015). The mean olivine composition (Fa 28.1 � 1.8;
PMD = 5.1; n = 16) and mean kamacite Co content
(1.5 � 0.9 wt%; n = 7) are well within the equilibrated
LL chondrite ranges (Fa 26.6–32.4; 1.42–37.0 wt% Co;
Rubin 1990). Low-Ca pyroxene (Fs 15.9 � 8.8,
PMD = 48; n = 17) is unequilibrated and cannot be
used as a classificatory parameter. Ca pyroxene is also
present (Fs7.4–12.5 Wo14.2–38.0). From examination of
the slabs and thin section of NWA 10214, we estimate
that the meteorite contains ~2–3 vol% metallic Fe-Ni,
corresponding to ~4–6 wt%. This is within the LL
chondrite range (3.0–6.0 wt%; table 4 of Gomes and
Keil 1980). (The PMD value [percent mean deviation] is
calculated from the mean absolute-value deviation of
the FeO concentration of individual measurements [in
wt%] from the mean of those measurements, divided by
the mean FeO concentration, and multiplied by 100%;
Dodd et al. 1967.)

The Meteoritical Bulletin Database classifies NWA
10214 as an LL3 chondrite. The petrologic subtype of
the host can be roughly estimated from the
classificatory data listed in table 1 of Huss et al. (2006).
The sharply defined chondrules and absence of coarse
chromite and plagioclase grains in NWA 10214 indicate
that the host is indeed petrologic type 3. The absence of

clear, transparent isotropic glassy mesostases in the
chondrules is characteristic of subtype 3.6–3.9. Most of
the low-Ca pyroxene phenocrysts in chondrules exhibit
polysynthetic twinning, indicative of subtype ≤3.9. The
phenocrysts exhibit some patchy Fe-Mg zoning. Because
the meteorite contains LL5 and LL6 clasts (see below),
the whole rock should be classified as an LL3-6 breccia;
the overall mineral compositional heterogeneity of the
rock thus cannot accurately reflect the petrologic
subtype of the type-3 host. The petrographic criteria, by
themselves, indicate that the host is subtype 3.6–3.9.

The meteorite has been very weakly shocked. Most
of the coarse olivine grains (isolated grains and
chondrule phenocrysts) exhibit undulose extinction,
contain irregular fractures, and lack planar fractures.
This corresponds to a whole-rock shock stage of S2
(St€offler et al. 1991).

The NWA 10214 whole rock is a breccia broadly
similar to Ngawi (Scott and Taylor 1982) and NWA
7789 (Meteoritical Bulletin Database). Several different
types of clasts are present in NWA 10214 (Fig. 1); the
modal abundance of these clasts is ~8 vol%. With the
exception of Clast 6 (described below), all of the clasts
were examined only in an unpolished slab.

troilite 
nodule

chd 1

CAI-1

1 mm

Clast 6

Fig. 2. Clast 6 is a subrounded object representing a new kind
of chondritic material that shares characteristics with disparate
chondrite groups. It contains 60 vol% matrix (light gray) in
which are embedded pyroxene-rich chondrules, chondrule
fragments, a moderate-size CAI, and an AOI. A large troilite
nodule in the host is visible adjacent to Clast 6. BSE image.

NWA 10214
Clast 1

Clast 3
Clast 4

Clast 5

1 cm

Fig. 1. Slab of the NWA 10214 LL3 chondrite breccia. The
meteorite contains numerous well-defined chondrules and
chondrule fragments and ~8 vol% clasts. Four of the
described clasts are visible on this side of the slab including
metamorphosed LL chondrites (Clasts 1 and 3) and shock-
darkened LL chondrites (Clasts 4 and 5). Clast 5 is small and
difficult to distinguish in the image. Clast 2 occurs on the
opposite side of the slab and is not shown. (Color figure can
be viewed at wileyonlinelibrary.com.)
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Metamorphosed LL Chondrite Clasts

The largest clast, Clast 1, is light colored and has a
chondritic texture (Fig. 1). It is ≥4 cm 9 ≥0.6 cm and
occurs at one edge of the UCLA slab. Chondrules in
Clast 1 average ~700 lm in apparent diameter; many
exceed 1000 lm. Although the chondrules are readily
delineated, all of them appear recrystallized; small
chondrules are difficult to discern. No fine-grained
silicate matrix material is evident. Metal grains range
from ~50 to 650 lm; the modal abundance of metallic
Fe-Ni is ~2 vol%. Also present in the clast is a
2.2 9 3.5 mm irregularly shaped troilite nodule that
encloses several chondrules. The clast appears to be an
LL5 chondrite.

Clast 2 is quasi-rectangular in shape, light in
color, and 0.6 9 1.35 cm in size. It occurs on the
opposite side of the slab in Fig. 1. There are a few
very recrystallized 1–2 mm sized chondrules that are
difficult to discern in the slab. Metal grains range
from ~10 to 600 lm; the modal abundance of metallic
Fe-Ni is ~3–4 vol%. The clast appears to be an LL6
chondrite.

Clast 3 is shaped like an ice-cream cone and is
4.5 9 7 mm in size (Fig. 1). The average size of the
recrystallized chondrules within the clast is ~500 lm.
The modal abundance of metallic Fe-Ni is very low, ~1
vol%. The clast is probably an LL5 or LL6 chondrite.

Shock Darkened LL Chondrite Clasts

Clast 4 is a 4.5 9 12 mm sized dark chondritic clast
that also occurs at one edge of the UCLA slab (Fig. 1).
Chondrules range in size from 180–1100 lm and average
~400–500 lm. The coarser metallic Fe-Ni grains range in
size from 20 to 400 lm; the modal abundance of metal is
~3–5 vol%. Some 20 lm sized troilite grains are also
present. A centimeter-long shock vein runs through the
center of the clast from edge to edge; it transects and
shears several chondrules. The dark interchondrule
material contains numerous 1–6 lm sized metal and

sulfide grains that are responsible for the silicate
darkening evident in the clast (cf. Rubin 1992). The clast
appears to be a shock-darkened LL chondrite analogous
to shock-darkened clasts in some ordinary chondrite
regolith breccias (e.g., Williams et al. 1985).

Clast 5 is 3 9 7 mm in size and quasi-elliptical in
shape (Fig. 1). It contains ~90 vol% dark red
chondrules, 200–1000 lm in size, surrounded by very
dark fine-grained material. Metallic Fe-Ni is very fine
grained. This clast also appears to be a shock-darkened,
equilibrated LL chondrite. The red color of the
chondrules is probably a result of terrestrial weathering.
There are several smaller similar clasts located
throughout the meteorite.

Clast 6—A Unique Chondrite

Petrography
Clast 6 is a subrounded object, 6.1 9 7.0 mm in

size in the plane of the section; its surface area in the
thin section is 26.6 mm2 (Fig. 2). The clast appears dark
colored on a cut surface of the whole rock and is very
dark in thin section when viewed microscopically in
transmitted light. Adobe Photoshop software applied to
a BSE image of the clast coupled with modal analysis
indicates that Clast 6 consists of 60 vol% fine-grained
matrix material, 32 vol% coarse silicate grains
(chondrules, chondrule fragments, a single CAI, a single
AOI, and isolated 5–450 lm sized mafic mineral grains),
and 8 vol% coarse opaque grains (including limonite).
(AOI stands for amoeboid olivine inclusion, a.k.a.
amoeboid olivine aggregate or AOA.) About 40% of
the coarse silicate grains occur in chondrule fragments
or as isolated grains rather than within largely intact
chondrules.

The matrix consists predominantly of micrometer-
to-submicrometer-sized silicate grains and minor ~0.3 lm
sized troilite grains (Fig. 3). About 5 vol% of the
matrix consists of coarser silicate grains most likely
derived from broken chondrules. The clast-matrix
boundary appears sharp (Fig. 3).

Table 1. Opaque phases in the NWA 10214 host and Clast 6.

NWA 10214 host Clast 6

Kamacite Taenite Troilite Kamacite Troilite

No. of analyses 7 1 4 3 5

Fe 90.9 � 1.5 66.1 63.5 � 0.5 91.3 � 1.4 63.2 � 0.4
Ni 6.8 � 1.1 33.7 <0.03 4.9 � 1.0 0.03 � 0.02
Co 1.5 � 0.9 1.4 <0.03 2.6 � 2.4 <0.03
S <0.03 <0.03 35.1 � 0.2 <0.03 35.2 � 0.2

Cr <0.03 <0.03 <0.03 <0.03 0.03 � 0.02
P <0.03 <0.03 <0.03 <0.03 <0.03
total 99.2 101.2 98.6 98.8 98.5
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The modal abundances of the different phases in
the clast were determined by automated point-counting
techniques (Table 2): 89.2 wt% silicate, 0.3 wt%
metallic Fe-Ni (including kamacite and rare Ni-rich
taenite), 6.2 wt% troilite, and 4.3 wt% limonite. A
separate point count (n = 153) shows that 80% of the
coarse mafic silicate grains are low-Ca pyroxene and
20% are olivine.

The apparent diameters of largely intact chondrules
range from 100 to 810 lm with a mean of
330 � 160 lm (n = 28). Most chondrules, chondrule
fragments, and isolated mineral grains are composed
mainly of low-Ca pyroxene; the low-Ca pyroxene/
olivine ratio is 4:1. Among the 28 largely intact

chondrules, 24 are PP or PPO (mostly PP); three are
POP, and one chondrule (210 9 320 lm) is FeO-rich
(i.e., Type IIA) PO (Fig. 4). There are no BO, RP,
GOP, or C chondrules. All but one of the largely intact
chondrules are low-FeO types (i.e., Type I); some
isolated olivine grains contain significant amounts of
FeO (13.3 � 3.4 wt%; Table 3) and were presumably
derived from broken FeO-rich (Type IIA) PO
chondrules such the one in Fig. 4. This particular
chondrule is partially surrounded by a 10–45 lm thick,
fine-grained opaque-rich rim. Besides this chondrule,
fine-grained rims around chondrules are rare to absent.

One chondrule fragment (Fig. 5), consisting mainly
of elongated low-FeO low-Ca pyroxene grains, is
surrounded by an igneous rim. The rim is composed
predominantly of 5–10 lm sized low-Ca pyroxene and
olivine grains. Many of the pyroxene grains are
elongated; the one with the highest aspect ratio is
2 9 24 lm in size. Olivine grains in the rim are much
more equant than the pyroxene grains. Besides this
chondrule fragment, igneous rims are rare to absent.

About 80% of the mafic silicates in Chondrule 1
(the largest chondrule, 800 9 820 lm; Fig. 6) are
elongated, polysynthetically twinned grains of low-Ca
pyroxene (50–60 9 150–200 lm); about 20% of the
silicates in the chondrule are ~70 lm sized olivine grains
that are poikilitically enclosed within low-Ca pyroxene

50 µm

matrix 
of clast

matrix 
of host

Fig. 3. Portion of the sharp clast-matrix boundary. The
matrix of the clast (left) is composed mainly of micrometer-to-
submicrometer-sized silicate grains, some coarser silicate grains
derived from broken chondrules, and few opaque assemblages.
The matrix of the LL chondrite host (right) is much coarser
grained; it also contains chondrule fragments. BSE image.

Table 2. Modal abundances of constituent phases in
Clast 6.

Points vol% wt%

Silicate 786 92.0 89.2

Metallic Fe-Ni 1 0.1 0.3
Troilite 38 4.4 6.2
Limonite 29 3.4 4.3

Total 854 99.9 100.0

The wt% values were calculated from vol% using the following

densities (g cm�3): silicate—3.25, metallic Fe-Ni—7.8, troilite—4.65,

limonite—4.28.

100 µm

rim

FeO-rich PO 
chondrule

Fig. 4. Rare FeO-rich (Type IIA) PO chondrule containing a
diversity of grain sizes. The thin rims around the individual
olivine grains are more ferroan than the grain cores. About
60% of the chondrule is surrounded by a 10–45 lm thick,
fine-grained opaque-rich rim. BSE image.
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phenocrysts. The mesostasis in the chondrule is
devitrified. Olivine (Fa4.4) and low-Ca pyroxene
(Fs2.3Wo0.3) contain only minor FeO (Table 3).

Troilite in the clast occurs in a variety of
petrographic settings (a) coarse grains (~10–75 lm)
within chondrules between the phenocrysts, (b)
discontinuous 5–25 lm thick sulfide rims around
chondrules, (c) 80–160 lm sized rounded metal-sulfide
globules containing 50–60 vol% polycrystalline troilite
and 40–50 vol% metallic Fe-Ni (Fig. 7), (d) isolated
grains up to 40 lm in size, and (e) tiny grains (~0.3 lm)
embedded in the fine-grained silicate matrix material. In

fact, some patches of matrix are completely opaque and
contain ~30 vol% troilite.

CAI-1
CAI-1, the sole refractory inclusion in the clast, is

450 9 600 lm in size and has an irregular shape
(Fig. 8). It constitutes 0.6 vol% of the clast. It is a
simple spinel-pyroxene-olivine inclusion fragment
similar to those in CM chondrites that have been
subject to only minor aqueous alteration (i.e., QUE
97990 and Paris; Rubin 2007, 2015). The grains within
the CAI range from ~2 to ~30 lm; some clusters of

Table 3. Mean compositions (wt%) of silicate phases in chondritic Clast 6.

Chd 1 pyx Chd 1 ol Chd 2 pyx Chd 3 pyx Chd 4 pyx
High-Ca
pyx

Isolated
pyx Isolated ol

Most
ferroan

isolated
ol

No. of
analyses

4 1 3 3 3 12 1 5 1

SiO2 58.2 � 0.4 41.0 58.1 � 0.1 57.3 � 0.6 57.9 � 0.1 51.2 � 1.5 53.9 40.1 � 0.6 37.7
TiO2 0.05 � 0.01 0.04 0.04 � 0.01 0.03 � 0.01 0.05 � 0.03 0.81 � 0.5 0.11 <0.03 0.03
Al2O3 0.29 � 0.06 <0.03 0.16 � 0.02 0.19 � 0.06 0.29 � 0.08 5.5 � 2.3 1.7 <0.03 <0.03
Cr2O3 0.47 � 0.06 0.03 0.44 � 0.02 0.62 � 0.17 0.53 � 0.06 2.3 � 0.4 0.92 0.07 � 0.07 <0.03
FeO 1.6 � 0.1 4.4 2.0 � 0.1 5.0 � 0.6 1.7 � 0.0 1.6 � 0.2 14.1 13.3 � 3.4 28.4
MnO 0.22 � 0.04 0.27 0.20 � 0.01 0.38 � 0.11 0.21 � 0.04 1.3 � 0.2 0.51 0.34 � 0.04 0.37
MgO 38.7 � 0.1 54.2 38.6 � 0.1 36.3 � 0.6 38.6 � 0.3 18.2 � 1.7 27.5 47.8 � 2.7 34.5

CaO 0.19 � 0.04 0.04 0.16 � 0.04 0.20 � 0.07 0.18 � 0.04 18.4 � 1.5 1.8 0.09 � 0.02 0.06
Na2O <0.03 <0.03 <0.03 0.04 � 0.05 <0.03 0.20 � 0.05 <0.03 <0.03 0.03
total 99.7 100.0 99.7 100.1 99.5 99.5 100.5 101.7 101.1

Fa 4.4 13.5 � 3.7 31.6
Fs 2.3 � 0.1 2.8 � 0.1 7.1 � 0.9 2.4 � 0.0 2.7 � 0.5 21.5
Wo 0.3 � 0.1 0.3 � 0.1 0.4 � 0.1 0.3 � 0.1 41.0 � 3.7 3.5

200 µm 50 µm

a                                                            b

pyroxene chondrule fragment                                        pyroxene chondrule fragment

rim                                                                     rim

Fig. 5. Chondrule fragment consisting of elongated low-FeO low-Ca pyroxene grains surrounded by an igneous rim. a)
Fragment and rim surrounded by matrix. b) Higher magnification image of the rim showing that it consists mainly of 5–10 lm
sized low-Ca pyroxene and olivine grains. Many of the pyroxene grains are elongated with aspect ratios ranging up to 12:1; the
olivine grains tend to be more equant. BSE images.
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small (2–3 lm) grains have 120� triple junctions. Spinel
grains tend to occur in 60–100 lm sized clusters
scattered throughout the inclusion.

The mean FeO contents of the phases in CAI-1 are
higher (and, in the case of spinel, much higher) than
those in spinel-pyroxene-olivine inclusions or spinel
inclusions in Paris—olivine: 2.9 � 1.0 versus
0.76 � 0.10 wt%; diopside: 0.73 � 0.37 versus
0.63 � 0.18 wt%; spinel: 10.9 � 2.9 versus 0.63 � 0.17
wt% (Table 4; Rubin 2015). This is not a primary
distinction, but is a result of mild thermal
metamorphism of the clast (see below).

AOI-1
There is a single amoeboid olivine inclusion in the

clast (AOI-1); it is 95 9 115 lm in size (Fig. 9) and
constitutes ~0.02 vol% of the clast. The AOI consists of
major ferroan olivine, many grains with low-FeO cores
and more-ferroan rims. Also present in the AOI are a
few grains of low-FeO low-Ca pyroxene, diopside, and
anorthite. Pores are 0.5–4 lm in size; they constitute
~4 vol% of the inclusion and are distributed throughout
AOI-1.

Mineral Chemistry and Petrologic Type of Clast 6
Olivine and low-Ca pyroxene in the clast are

unequilibrated (Fig. 10). Olivine ranges from Fa 4.2–
31.6 with a mean composition of Fa 13.6 � 5.9
(n = 68) and a percent mean deviation (PMD) of
32.8% (cf. Dodd et al. 1967) (Table 3). The highest-
FeO olivines occur as isolated grains. Low-Ca pyroxene
ranges from Fs 1.8–10.7 Wo 0.1–2.9 with a mean
composition of Fs 4.3 � 2.2 Wo 0.4 � 0.3 (n = 72)

and a PMD of 40.3% (Table 3). Also present in the
clast is high-Ca pyroxene: Fs2.7 � 0.5 Wo41.0 � 3.7
(n = 12) (Table 3). Although the classificatory data in
table 1 of Huss et al. (2006) apply sensu stricto only to
ordinary chondrites, this clast may be a new kind of
ordinary chondrite (see below). The olivine data for
Clast 6 correspond to petrologic subtype 3.4–3.5; the
low-Ca pyroxene data correspond to subtype 3.0–3.6.

Opaque phases in the clast include kamacite with
2.6 � 2.4 wt% Co, rare Ni-rich taenite (with ~50 wt%
Ni), and troilite with concentrations of Ni and Cr
marginally above the detection limit.

The chondrules in the clast contain devitrified
mesostasis; none contain clear, isotropic glass (e.g.,
Fig. 6). This is characteristic of subtype 3.6–3.9. The

olivine

low-Ca px
matrix

matrix

matrix

Fig. 6. Chondrule 1 is the largest chondrule, also visible in
Fig. 2. It is a PP chondrule with a few small olivine grains.
The devitrified mesostasis contains small Ca pyroxene
crystallites. BSE image.

a

b

troilite

troilite

metallic Fe-Ni

metallic Fe-Ni

Fig. 7. Opaque globules from Clast 6. The assemblages consist
mainly of troilite and metallic Fe-Ni. Some limonite, produced
by terrestrial weathering, also occurs. a) Rounded globule
consisting predominantly of troilite. b) Ellipsoidal globule
containing subequal volumetric abundances of metal and
sulfide. BSE images.

378 A. E. Rubin et al.



low-Ca pyroxene phenocrysts in the chondrules exhibit
polysynthetic twinning, indicative of subtype ≤3.9.

Partial metamorphic equilibration is indicated by (a)
olivine grains in the FeO-rich chondrule (Fig. 4) that
consist typically of ferroan rinds surrounding less-ferroan
cores, (b) forsterite grains in the CAI (Fig. 8) that are
transected and surrounded by thin ferroan olivine veins
and rims, and (c) the relatively high FeO contents of
olivine and spinel in CAI-1. In addition, the small olivine
grains in the matrix (Fig. 3) appear to be uniformly
ferroan, consistent with equilibration and reflective of the
high bulk FeO content of the fine-grained matrix material
(37.6 wt%; Table 5).

The extent of FeO enrichment around small low-
FeO olivine grains in AOI-1 is intermediate between
that in CO3.5 Lanc�e and CO3.6 ALH A77003 (fig. 7 of
Chizmadia et al. 2002).

From these data, the best estimate for the subtype
of Clast 6 is 3.6. This is within the range of the inferred
subtype of the NWA 10214 host (3.6–3.9). However,
there are several small low-FeO silicate grain fragments
in the matrix of Clast 6 that are not surrounded by
ferroan rims (e.g., center right of Fig. 3; center left of
Fig. 8); it is possible that these grains were introduced
into the clast after partial equilibration. They may be
analogous to compositionally aberrant mineral grains in
equilibrated OC (e.g., Rubin 1990).

The composition of the fine-grained matrix material
in Clast 6 does not closely resemble those in the
matrices in most other chondrite groups (Table 5). The
Clast 6 matrix (e.g., Fig. 3) is richer in FeO (37.6 wt%)
than the fine-grained opaque matrices in most type-3
ordinary chondrites (16.8–33.0 wt%; Huss et al. 1981),
although the matrix in LL3 Krymka is exceptionally
ferroan (42.8 wt% FeO). The FeO/MgO ratio in the
matrix of Clast 6 (1.72) is closest to that of CO3
Kainsaz (1.77), but the SiO2/MgO ratio in the matrix of
Clast 6 (1.45) is closest to that in the CV3red Vigarano
matrix sample (1.56). In contrast, EH3 matrix has much
lower FeO/MgO (0.71) and much higher SiO2/MgO
(2.77) (Table 5).

Figure 11 shows that the matrix of Clast 6 is closest
in composition to those in CV3 chondrites, particularly

Table 4. Mean compositions (wt%) of silicate and
oxide phases in refractory inclusion CAI-1 in Clast 6.

Diopside Olivine Spinel

No. of analyses 5 12 21
SiO2 50.8 � 1.2 41.1 � 0.3 0.08 � 0.11
TiO2 0.49 � 0.46 <0.03 0.20 � 0.07

Al2O3 4.7 � 2.0 <0.03 67.9 � 1.4
Cr2O3 0.05 � 0.03 0.03 � 0.02 0.51 � 0.02
FeO 0.73 � 0.37 2.9 � 1.0 10.9 � 2.9

MnO <0.03 0.07 � 0.03 0.07 � 0.02
MgO 17.2 � 1.0 55.9 � 0.8 20.7 � 2.5
CaO 24.7 � 0.6 0.09 � 0.02 0.13 � 0.09

Na2O <0.03 <0.03 0.05 � 0.06
Total 98.7 100.0 100.5
Fa 2.8 � 1.0
Fs 1.2 � 0.6

Wo 50.3 � 2.1

20 µm

low-Ca pyx
diopside

anorthite

olivine

pores

Fig. 9. AOI-1, the only amoeboid olivine inclusion in Clast 6,
consists mainly of ferroan olivine. Also present are a few grains
of low-FeO low-Ca pyroxene, anorthite, and diopside. Pores
(black) are distributed throughout the inclusion. BSE image.

diop

diop

fo

sp

Fig. 8. CAI-1, the sole refractory inclusion in Clast 6. It is a
simple spinel-pyroxene-olivine inclusion fragment similar to
those in minimally altered CM chondrites. The most abundant
phase is diopside; many spinel grains occur in 60–100 lm sized
clusters throughout the inclusion. BSE image.
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Vigarano (CV3red). Both have similar CI- and Mg-
normalized abundance ratios of Al, Cr, Mn, Na, K, and
S; Vigarano matrix is moderately richer in Fe and
moderately depleted in Ca relative to the matrix of
Clast 6.

The S content of fine-grained matrix material is
generally high in the least-metamorphosed chondritic
samples and low in the more-metamorphosed ones (e.g.,
Grossman and Brearley 2005; table 1 of Huss et al.
2006). For example, the matrix in LL3.00 Semarkona

a

b

Fig. 10. a,b) Olivine and low-Ca pyroxene compositional distributions in Clast 6. The clast is unequilibrated and the minerals
exhibit large grain-to-grain chemical variations. Low-Ca pyroxene peaks at relatively low Fs values.

Table 5. Mean composition (wt%) of fine-grained matrix material in Clast 6 and different chondrite groups.

NWA 10214

LL3
Clast 6

Vigarano

CV3-red
fine fraction A

Allende

CV3-ox
matrix

Paris

CM2
matrix

Parnallee

LL3
opaque matrix

Krymka

LL3
opaque matrix

Kainsaz

CO3
matrix

Renazzo

CR2
matrix

Y 691

EH3
matrix

Ref 1 2 3 4 5 5 6 6 7

Number 10 88 35 10 30 53 ≥20 ≥20 122
SiO2 31.6 � 2.5 27.0 29.6 27.1 � 1.5 42.4 37.7 30.6 31.4 53.7
TiO2 0.07 � 0.04 nd 0.09 nd 0.10 0.07 0.10 0.07 nd
Al2O3 2.0 � 0.8 2.0 1.7 2.5 � 0.3 3.5 3.0 3.6 2.7 2.6

Cr2O3 0.39 � 0.21 0.31 0.49 0.28 � 0.05 0.43 0.30 0.35 0.35 0.22
FeO 37.6 � 2.6 46.2 36.9 34.0 � 2.0 22.5 42.8a 31.8 24.3 13.7
NiO 1.6 � 0.8 nd 0.63 nd 0.13 0.64 1.1 1.5 0.23

MnO 0.36 � 0.06 0.25 0.20 0.21 � 0.04 0.33 0.39 0.33 0.33 0.09
MgO 21.8 � 3.1 17.3 20.6 13.2 � 1.2 23.3 13.0 18.0 15.8 19.4
CaO 0.86 � 0.74 0.41 0.22 0.34 � 0.21 1.5 1.2 1.9 0.87 0.78

Na2O 0.15 � 0.06 0.12 0.05 1.0 � 0.2 1.9 0.91 0.49 1.2 1.3
K2O <0.04 <0.04 <0.04 0.08 � 0.02 0.27 0.38 0.10 0.16 0.25
P2O5 0.29 � 0.10 nd 0.15 nd 0.26 0.21 nd nd 0.14

S 0.42 � 0.52 1.8 0.45 4.2 � 0.8 0.25 0.18 0.09 3.2 3.3
Total 97.1 95.4 91.1 80.9 96.9 100.8 88.5 81.9 95.7

References: 1 = this study; 2 = Hurt et al. (2012); 3 = Zolensky et al. (1993); 4 = Rubin (2015); 5 = Huss et al. (1981); 6 = McSween and

Richardson (1977); 7 = Rubin et al. (2009). The Fe-Ni metal in the Parnallee and Krymka analyses were recalculated assuming an Fe/Ni ratio

of 10:1. The low total in most of the matrix analyses reflects the presence of porosity and bound water.
aThe Krymka matrix also contains 4.8 wt% metallic Fe; if this were added to the FeO concentration, the FeO would increase to 49.0 wt% and

the matrix total would be 107.0 wt%.

nd = not determined.
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contains 1.2 wt% S, whereas that in H/L3.6 Tieschitz
contains only 0.08 wt% S (calculated from table 7 of
Grossman and Brearley 2005). The S content of matrix
also tends to be high in the least aqueously altered
carbonaceous chondrites and low in the more altered
chondrites (e.g., McSween and Richardson 1977; Rubin
2015). For example, the matrix in CM2.7 Paris (one of
the least altered CM chondrites; Hewins et al. 2014;
Marrocchi et al. 2014; Rubin 2015) contains 4.2 wt% S
(Table 5), whereas that in CM2.2 Nogoya (a highly
altered CM chondrite; Rubin et al. 2007) contains only

1.9 wt% S (McSween and Richardson 1977). The
relatively low S content of matrix material in Clast 6
(0.42 wt%) is consistent with a moderately high
petrologic subtype.

Oxygen-Isotopic Compositions

Oxygen-isotopic compositions are listed in Table 6.
The 1 r reproducibility of the San Carlos olivine
standard is d17O = 0.4&; d18O = 0.3&; it forms a tight
cluster along the terrestrial fractionation (TF) line

0.01

0.1

1

10
Al         Ca         Mg           Si           Cr         Mn         Na          K            Fe          S

C
I-

an
d 

M
g-

oitar ecnadnuba dezila
mron All

Ren

Ren

Bulk Composition of Fine-grained Matrix Material

All

Kry

Vig

Par
Cl 6

Cl 6
Vig

Par

Kry

Fig. 11. Mean compositions of fine-grained matrix material in different chondrite groups normalized to CI chondrites and to
Mg. The matrix in Clast 6 is closest to that in CV3 chondrites, particularly Vigarano. Kry = Krymka, LL3; Ren = Renazzo,
CR2; CL 6 = Clast 6; Par = Parnallee, LL3; Vig = Vigarano, CV3red; All = Allende, CV3Ox. (Color figure can be viewed at
wileyonlinelibrary.com.)

Table 6. Oxygen-isotopic compositions in Clast 6 and the NWA 10214 host.

Object Phase d18O (&) d17O (&) D17O (&)

Clast 6 Chondrule 1 Low-Ca pyx 1.90 2.11 1.12
Clast 6 Chondrule 2 Low-Ca pyx 1.59 1.08 0.26
Clast 6 Chondrule 3 Low-Ca pyx 0.67 1.51 1.17

Clast 6 Chondrule 4 Low-Ca pyx 0.69 0.32 �0.03
Clast 6 Chondrule 4 Low-Ca pyx 0.70 0.44 0.08
Clast 6 CAI-1 Diopside �44.78 �46.38 �23.09
Clast 6 CAI-1 Diopside �44.42 �46.14 �23.04

Clast 6 CAI-1 Diopside �47.67 �48.38 �23.59
NWA 10214 host Chondrule Low-Ca pyx 1.07 1.69 1.14
Standard San Carlos Olivine 5.02 2.91 0.30

Standard San Carlos Olivine 5.53 3.30 0.42
Standard San Carlos Olivine 5.43 2.76 �0.06
Standard San Carlos Olivine 5.11 2.73 0.07

Standard San Carlos Olivine 4.92 2.31 �0.25
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(Fig. 12a). This indicates that the O-isotopic analyses
are precise and accurate; plotted uncertainties are 2r.

There is a fairly tight cluster of points centered near
d17O = ~1.0&; d18O = ~1.0& (Fig. 12a) that includes
low-Ca pyroxene in four chondrules from Clast 6 as
well as one chondrule from outside the clast, that is, in
the NWA 10214 host. This cluster occurs along and just
above the TF line and is near the 16O-rich end of the
field of olivine and pyroxene from LL3.0–3.1 chondrules
measured by Kita et al. (2010); it is also within the
range of chondrules in R3 clasts in R-chondrite breccias
measured by Kita et al. (2015) and in the vicinity of
chondrules from type-3 enstatite chondrites (Weisberg
et al. 2011). The Clast 6 chondrules have a mean D17O
value of 0.5 � 0.6& (n = 5); the LL3 chondrules have
a mean D17O value of 0.56 � 0.45& (n = 37; excluding
one 16O-rich chondrule) (Kita et al. 2010). The O-
isotope data are consistent with a scenario in which the

chondrule from the NWA 10214 host and the
chondrules from Clast 6 were all derived from the same
O-isotopic reservoir as OC chondrules.

In contrast, diopside from CAI-1 (Fig. 12b) has an
O-isotopic composition near d17O = �45&;
d18O = �46&; D17O = �23&, along the carbonaceous-
chondrite anhydrous minerals (CCAM) mixing line. It is
very similar in composition to that of mafic silicates in
many unaltered CAIs from primitive chondritic
meteorites (e.g., MacPherson 2005).

DISCUSSION

Classification of Clast 6

Clast 6 has some properties broadly resembling
those of carbonaceous chondrites, ordinary chondrites,
and enstatite chondrites (Table 7). Some polymict
breccias such as Kaidun (e.g., Zolensky and Ivanov
2003) and Almahata Sitta (e.g., Bischoff et al. 2010)
contain discrete clasts of different chondrite groups. The
Y 82094 ungrouped carbonaceous chondrite has a low
abundance of matrix (11.1 vol%), similar to that in
ordinary (10–15 vol%) and enstatite (8–10 vol%)
chondrites (Kimura et al. 2014). However, no single
meteoritic lithology yet described has such peculiar
characteristics as Clast 6.

Carbonaceous Chondrite-Like Properties

(a) The modal abundance of matrix material in
Clast 6 is ~60 vol% (Fig. 2). The only major chondrite
group with 60 vol% matrix is CM (Wasson 2008;
Rubin 2010). CO3, CV3, and CR2 chondrites contain
less matrix (with mean modal abundances of 34, 35, and
42 vol%, respectively; McSween 1977a, 1977b; Weisberg
et al. 1993). R chondrites average 42 � 11 vol% matrix
(Rubin and Kallemeyn 1993); some R3 clasts in
R-chondrite breccias contain ~50 vol% matrix (Bischoff
2000). Type-3 ordinary and enstatite chondrites contain
only 8–12 vol% matrix (Huss et al. 1981; Rubin et al.
2009; Rubin 2010). CI chondrites constitute the
only major group that contains more matrix—nearly
100 vol% (including ~10 vol% embedded magnetite
grains; e.g., McSween 1979). On the other hand, several
individual clasts in ordinary chondrites are matrix rich;
these include a fine-grained matrix-like cognate dark
inclusion in Tieschitz (Dobric�a and Brearley 2014), a
microchondrule-bearing dark clast with 52 vol% matrix
in Rio Negro (Fodor et al. 1977; Rubin 1982), a
microchondrule-bearing clast with 80 vol% matrix in
Krymka (Rubin 1989), and millimeter-sized lumps of
matrix material in several OC (e.g., Ikeda et al. 1981;
Scott et al. 1984). (b) The composition of the matrix in

Fig. 12. O-isotopic compositions displayed in the standard
three-isotope diagram. Uncertainties are plotted as 2r. a) San
Carlos olivine standard and chondrules from Clast 6 as well as
one from the NWA 10214 host. The compositions of low-Ca
pyroxene grains in the chondrules are similar to those of
literature values for many LL3 chondrules. The San Carlos
olivine standards fall along the terrestrial fractionation (TF)
line. b) Diopside grains in CAI-1 have O-isotopic compositions
near d17O = �45&; d18O = �46&; D17O = �23&; they lie
along the carbonaceous-chondrite anhydrous minerals (CCAM)
mixing line and in the vicinity of many literature values for CAI
phases. Also shown are the San Carlos olivine standards. (Color
figure can be viewed at wileyonlinelibrary.com.)
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Clast 6 is closest to that of the matrix in Vigarano
(CV3red) (Fig. 11). (c) The modal abundance of CAIs in
Clast 6 is 0.6 vol%. Carbonaceous chondrites (other
than the highly altered CI chondrites) contain 0.6–3.0
vol% CAIs; ordinary, enstatite, and R chondrites
contain far fewer CAIs, that is, 0.01–0.04 vol% (table 2
of Rubin 2011). It would be very unlikely to find a
moderate-size CAI in a random 26 mm2 region of a
noncarbonaceous chondrite. (d) The textural variety of
the sole CAI in Clast 6 is spinel-pyroxene-olivine
(Fig. 8), identical to one of the major varieties in
minimally altered CM chondrites (Rubin 2007, 2015).
(e) Clast 6 contains an AOI (Fig. 9) that constitutes
~0.02 vol% of the clast. This modal abundance is at
least four times greater than that of AOIs in OC (Rubin
2011).

Ordinary Chondrite-Like Properties
The olivine and low-Ca pyroxene compositional

distributions of Clast 6 (Fig. 10) most closely resemble
those in partially equilibrated type-3 ordinary
chondrites (e.g., H/L3.6 Tieschitz; fig. 1 of Dodd et al.
1967) (a) the olivine distributions are relatively flat with
no large peaks at low Fa values and (b) the low-Ca
pyroxene distributions have higher proportions of low-
FeO grains and do not extend as far to higher FeO
values. In contrast, carbonaceous chondrites tend to
have large peaks at low Fa values (see below).

Berlin et al. (2011) found that the mean Fe/Mn
ratio of olivines within Type-IIA chondrules differs
between ordinary chondrites (Fe/Mn = 44) and CO
carbonaceous chondrites (Fe/Mn = 99). The mean Fe/
Mn ratio of isolated ferroan olivines (presumably
derived from fragmented Type-IIA chondrules) in Clast
6 is 45 � 18 (n = 6), nearly identical to that in OC.

The mean chondrule size in Clast 6 (330 � 160 lm;
n = 28) is within 1r of that of H-group ordinary
chondrites (~450 lm) or R chondrites (400 lm) (table 7
of Friedrich et al. 2015). Carbonaceous-chondrite and
enstatite-chondrite chondrules tend to be either
somewhat smaller (CM, 270 lm; CO, 150 lm; EH,
230 lm) or moderately larger (CV, 900 lm; CR,
700 lm; EL, 500 lm) (table 5 of Rubin 2010; table 7 of
Friedrich et al. 2015).

The O-isotopic composition of the chondrules in
Clast 6 are in the range of LL3 chondrules and have
D17O values ≳0& (Table 6; Fig. 12). The vast majority
of chondrules from carbonaceous chondrites plot below
the TF line on the standard three-isotope graph with
D17O values <0& (e.g., fig. 1 of Rubin 2000). There are
no available O-isotope data for the matrix of Clast 6 or
for the entire clast.

A distinctive property of Clast 6 is the high low-Ca
pyroxene/olivine mean modal ratio in the chondrules

(4:1), for example, Fig. 6. Ordinary, carbonaceous, and R
chondrites are dominated by olivine-rich chondrules (e.g.,
Grossman et al. 1988; Rubin and Kallemeyn 1994). For
example, Nelson and Rubin (2002) found that LL3
chondrites contain 47% POP+PPO, 21% PP, 16% PO,
6% BO, 3% RP, 4% C, and 3% GOP chondrules. Our
unpublished observations of Semarkona chondrules
indicate that there are about equal numbers of POP and
PPO chondrules. Thus, about 45% of LL3 chondrules are
PPO or PP. In contrast, Clast 6 contains 86% PPO or PP
chondrules. A v2 test (with the Yates’ correction for
continuity) shows that the probability of 24/28 randomly
chosen LL3 chondrules being PPO or PP is <0.0001, that
is, less than one chance in 10,000. For this test, which
assumes that the LL3 chondrule population is infinite,
v2 = 17.1 with 1 degree of freedom. This mitigates against
the likelihood that the chondrules in Clast 6 were derived
from a normal LL3 chondrite.

Enstatite Chondrite-Like Properties
Enstatite chondrites contain mainly pyroxene-rich

chondrules; a study of 689 EH3 chondrules in thin
section identified 4% PPO+POP+PO, 77% PP, 13% RP,
5% C, and 1% GP (granular pyroxene) chondrules
(Rubin and Grossman 1987). BO chondrules are very
rare in type-3 enstatite chondrites (e.g., Nakamura-
Messenger et al. 2012). The low-Ca pyroxene/olivine
modal abundance ratio in chondrules and chondrule
fragments as well as the FeO content of pyroxene in Clast
6 are closest to those in type-3 enstatite chondrites.
However, the absence of nonporphyritic chondrules (RP,
C, and GP types) in Clast 6 clearly distinguishes it from
EH3 chondrites (in which 19% of the chondrules are
nonporphyritic; Rubin and Grossman 1987).

Pyroxene grains in EH3 chondrules typically have
low concentrations of FeO: 0.30–1.5 wt% (table 1 of
Grossman et al. 1985), but a few more-ferroan grains
(with up to 12 wt% FeO) are also present (Weisberg
and Kimura 2012). Pyroxene in the chondrules in Clast
6 contain 1.6–5.0 wt% FeO, but one isolated pyroxene
grain (probably derived from a fragmented chondrule)
contains 14.1 wt% FeO (Table 3).

The mean minor element concentrations in low-Ca
pyroxene within chondrules in Clast 6 (Table 3, n = 13)
are similar to those in type-3 enstatite chondrites (table 1
of Weisberg et al. 2011, n = 12) (in wt%): Al2O3 (0.24
versus 0.33 � 0.26); Cr2O3 (0.51 versus 0.37 � 0.31);
FeO (2.5 versus 2.3 � 3.9); MnO (0.25 versus
0.16 � 0.12); CaO (0.18 versus 0.34 � 0.20).

Origin of Clast 6

The NWA 10214 host is clearly a brecciated LL3
chondrite (Fig. 1), whereas Clast 6 (Fig. 2) has a
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different provenance. Because neither Clast 6 nor the
host is appreciably shocked, it seems likely that the clast
is a fragment of a projectile that collided with the LL
parent asteroid at low relative velocity. The significant
amount of chondrule fragments in Clast 6 points to a
history of comminution; this process of impact
fragmentation could have taken place at any stage in its
history.

As described above, the O-isotopic compositions of
chondrules in Clast 6 (Fig. 12) match those of OC
chondrules. In addition, the mean size of the chondrules
in the clast (330 � 160 lm) is within one standard
deviation of the mean size of H-chondrite chondrules
(450 lm; Friedrich et al. 2015). Therefore, a possible
origin for the clast is that it was an H3 chondrite that
acquired a much greater-than-normal allotment of
matrix material. This scenario is not farfetched: R
chondrites closely resemble ordinary chondrites except
for having an unusually high abundance of 17O-rich,
bound-water-bearing matrix material (e.g., Kallemeyn
et al. 1996; Rubin 2010, 2014; Bischoff et al. 2011).
Even the chondrules in R3 chondrite clasts have O-
isotopic compositions overlapping the range of LL3
chondrules (Kita et al. 2010, 2015).

A viable model for the origin of Clast 6 must also
account for the clast’s relatively high CAI modal
abundance (0.6 versus ~0.02 vol% in typical OC;

Table 7). The correspondence between a high matrix
abundance and a high CAI abundance in a chondrite
may be a result of radial drift processes in the solar
nebula that affected porous multi-millimeter-to-
centimeter-sized dustballs (i.e., matrix precursors) to
about the same extent as smaller, more-compact CAIs
(Rubin 2011). The rate of radial drift in the nebula is a
function of the product of the size and density of an
entrained object (e.g., Weidenschilling 1977; Nakagawa
et al. 1986). Large porous dustballs made of matrix
material and smaller, dense CAIs would be
aerodynamically concentrated in the same nebular
regions (Rubin 2011). Dustballs (like the one that gave
rise to the matrix of Clast 6), CAIs (physically similar to
CAI-1), and AOIs (similar to AOI-1) may have
independently drifted to the particular portion of the OC
nebular region where the clast’s precursor agglomerated.
This scenario is consistent with the positive correlation
among chondrite groups between the modal abundances
of matrix and CAIs (fig. 4 of Rubin 2011).

The other anomalous characteristic of Clast 6 is the
high low-Ca pyroxene/olivine modal ratio in the clast’s
chondrules and chondrule fragments: 4:1. Among the
major chondrite groups, high low-Ca pyroxene/olivine
ratios are found only in enstatite chondrites. This is
because so little of the metallic Fe in these reduced rocks
has been oxidized to FeO that the ratio of divalent
cations to Si remains close to unity (as in MgSiO3),
stabilizing low-Ca pyroxene. In more-oxidized
chondrites (with higher FeO), the divalent-cation/Si ratio
climbs toward 2 (as in (Mg,Fe)2SiO4), stabilizing olivine.

With increasing degrees of reduction, the low-Ca
pyroxene/olivine modal ratio in chondritic materials
increases (Fig. 13). R chondrites comprise the most
oxidized non-CI group with a mean low-Ca pyroxene/
olivine modal ratio of 0.06 (table 2 of Kallemeyn et al.
1996, excluding the minimally equilibrated R3.6 ALH
85151) and an assumed olivine Fa content identical to
that in R3.8 Carlisle Lakes (39.3 mol%; Rubin and
Kallemeyn 1989). CK4 Kobe is assumed here to represent
CK chondrites (or equilibrated CV chondrites;
Greenwood et al. 2010; Wasson et al. 2013); Kobe has a
low-Ca pyroxene/olivine modal ratio of 0.07 and a mean
olivine Fa content of 31.1 mol% (Tomeoka et al. 2005).
In ordinary chondrites, the low-Ca pyroxene/olivine
modal ratio is 0.3 in LL (mean Fa 29.4 mol%), 0.5 in L
(mean Fa 24.7 mol%) and 0.7 in H (mean Fa 18.8 mol%)
(table 5.1 of Hutchison 2004; table 3 of Rubin 1990).

Chondrule-bearing silicate clasts in the Mont Dieu
IIE iron are more reduced than H chondrites, but
plausibly are still members of the ordinary-chondrite
clan. The low-Ca pyroxene/olivine modal ratio in the
Mont Dieu clasts is 0.9 (mean Fa 15.7 mol%) (Van
Roosbroek et al. 2015). Chondritic clasts in the IIE iron
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Fig. 13. Diagram showing that the low-Ca pyroxene/olivine
modal ratio in chondritic materials decreases roughly
exponentially with increasing mean olivine Fa content. Clast 6
lies close to the trend that ranges from the most reduced
chondritic meteorites (EH and EL chondrites) to the most
oxidized group (R chondrites). Because olivine grains in Clast
6 are largely unequilibrated (Fig. 10a), the Fa value plotted
here (11 mol%) is the center of the peak of the olivine
compositional distribution. MD = chondritic clasts in the
Mont Dieu IIE iron; Net = chondritic clasts in the Netschaevo
IIE iron; Kak = Kakangari.
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Netschaevo also appear to be members of the OC clan
and are even more reduced (Bild and Wasson 1977;
Rubin 1990). The low-Ca pyroxene/olivine modal ratio in
the Netschaevo clasts is 2.0 (mean Fa 14.3 mol%)
(table 3 of Olsen and Jarosewich 1971; Rubin 1990). The
ungrouped, unequilibrated chondrite Kakangari is more
reduced than Netschaevo (mean Fa 5 mol%; table 1 of
Graham et al. 1977); its low-Ca pyroxene/olivine modal
ratio is 3.6 (table 2 of Weisberg et al. 1996). Clast 6 is
intermediate between Netschaevo and Kakangari in its
degree of reduction (Fig. 13). The most reduced
chondritic materials are enstatite chondrites. EH3 and
EL3 chondrites have low-Ca pyroxene/olivine modal
ratios of 14 and 27, respectively (table 3 of Weisberg and
Kimura 2012); for plotting purposes, the mean olivine
Fa content in each of these groups is assumed to be
0.2 mol% (the value in a chondrule from EH4 QUE
94368; Rubin 1997). (EH3 and EL3 chondrites must be
used in this analysis because type-4–6 enstatite chondrites
are olivine free [Mason 1966; Keil 1968].) The smooth,
roughly exponential trend illustrates the strong
relationship between oxidation state and the low-Ca
pyroxene/olivine ratio among chondritic samples.

Matrix-rich chondrite groups that have equilibrated
members are oxidized; these include R chondrites (42
vol% matrix, Fa 39.3) and CK chondrites (50 vol%
matrix, Fa31.1) (Rubin and Kallemeyn 1993; table 2 of
Rubin 2011; this study). More reduced chondrite groups
(i.e., ordinary and enstatite chondrites) have much
lower abundances of matrix material (8–12 vol%; Rubin
2011), although this set includes LL chondrites which
are nearly as oxidized as CK chondrites (e.g., Fa 29.4
versus 31.1). Clast 6 does not follow this general trend;
it is a reduced, matrix-rich chondritic sample. Although
ordinary and R chondrite whole rocks may have been
oxidized by reactions with OH-bearing matrix-like dust
(e.g., Rubin 2005), the dust that agglomerated with the
progenitors of Clast 6 was probably depleted in OH-
bearing phases.

A comparison of the olivine and low-Ca pyroxene
histograms in Clast 6 (Fig. 10) shows that there are
many ferroan olivine grains (i.e., 50/68 with Fa values
>10 mol%) and very few ferroan low-Ca pyroxene
grains (i.e., 1/72 with Fs values >10 mol%). This is
analogous to the olivine and low-Ca pyroxene
compositional distributions in many unequilibrated
ordinary, carbonaceous, and R chondrites: for example,
type-3 ordinary chondrites (fig. 1 of Dodd et al. 1967);
CO3.0 Colony (fig. 3a,b of Rubin et al. 1985); CV3
chondrites (Van Schmus 1969); CM2 chondrites (fig. 1
of Wood 1967; fig. 10 of Fuchs et al. 1973); the Acfer
187 and EET 87770 CR chondrites and their paired
specimens (fig. 5 of Bischoff et al. 1993; fig. 1 of
Kallemeyn et al. 1994), and unequilibrated R-chondrite

clasts in the DaG 013 and Hughes 030 R3–6 breccias
(figs. 6, 7 of Bischoff 2000).

Figure 1 of Frank et al. (2014) shows the
compositional distribution of 72 isolated 5–30 lm size
olivine grains in the matrices of LL3.00 Semarkona and
L3.05 QUE 97008. There is a large peak at Fa~1 and a
broad peak at Fa~19–29. This distribution is similar
(but not identical) to that of 346 small olivine grains
from chondrules and chondrule fragments in
Semarkona (fig. 2c of Takagi 2005) that shows a large
peak at Fa~1 and a broad peak at Fa~21–34. (The
olivine compositional distribution in LL3.00 Semarkona
more closely resembles those in carbonaceous chondrites
than those of more-equilibrated type-3 OC such as
LL3.15 Bishunpur, LL3.2 Krymka, L3.4 Hallingeberg,
or H/L3.6 Tieschitz [Dodd et al. 1967].) The general
similarity between the distributions in Semarkona and
the matrix olivine grains analyzed by Frank et al. (2014)
suggests that the latter grains are actually chondrule
fragments. In contrast, olivine grains that appear to
have been derived from nebular dust and now occur
within the matrices of type-3 OC tend to be much finer
grained, that is, <0.1 lm (Alexander et al. 1989;
Brearley et al. 1989) and have highly variable Fa
contents, that is, Fa~1–91 (Nagahara 1984).

These data support the conclusion that the
relatively coarse (>5 lm) FeO-bearing grains in all of
these chondrites and in Clast 6 are derived from
fragmented ferroan chondrules. These chondrules tend
to have high olivine/low-Ca pyroxene ratios because, as
discussed above, they have high divalent-cation/Si
ratios, favoring the crystallization of olivine [(Mg,
Fe)2SiO4] over low-Ca pyroxene (Mg,Fe)SiO3. That is
why the olivine compositional distributions generally
extend to much higher FeO values than the
corresponding low-Ca pyroxene distributions.

However, the olivine compositional distributions in
carbonaceous chondrites (e.g., Wood 1967; Van Schmus
1969; Fuchs et al. 1973; Rubin et al. 1985; Bischoff
et al. 1993; Kallemeyn et al. 1994) tend to have very
high peaks at very low Fa values, indicative of the large
proportions of Type-IA chondrules in these rocks. R
chondrites and type-3 OC (save Semarkona) tend to
have lower proportions of these chondrules and
consequently have lower peaks at very low Fa contents
in their olivine compositional distributions (e.g., Dodd
et al. 1967; Bischoff 2000; Kita et al., 2010, 2013). Clast
6 lacks Type-IA chondrules and thus does not have a
high peak at low Fa contents in its olivine
compositional distribution (Fig. 10).

Clast 6 can thus be modeled as a type-3 ordinary
chondrite, somewhat more reduced than H chondrites or
the chondritic clasts in the Netschaevo IIE iron, but less
reduced than Kakangari or enstatite chondrites. The
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material that agglomerated to produce the parent
asteroid of the clast formed in a nebular region where
aerodynamic radial drift processes had deposited a
relatively high abundance of matrix material, CAIs, and
AOIs. At some point, a collision launched material off
this asteroid; some of it eventually impacted the LL-
chondrite parent body at low relative velocity. A
fragment of this projectile became Clast 6. Along with
shocked and metamorphosed clasts derived from
different regions of the LL asteroid, Clast 6 was
incorporated into previously unconsolidated LL3
material. The entire assemblage was subsequently
lithified by impact-induced compaction; the clast was
mildly metamorphosed along with the NWA 10214 LL-
chondrite host. This mild metamorphism is indicated by
(a) the ferroan rinds and veins around grains in the FeO-
rich chondrule (Fig. 4), CAI (Fig. 8), and AOI (Fig. 9);
(b) the uniformly high FeO content of fine-grained
olivine in the matrix (e.g., Fig. 3); and (c) the relatively
ferroan compositions of olivine and spinel in the CAI.
Nevertheless, recrystallization and textural integration
were minimal, leaving the clast/host boundary sharp. The
small low-FeO mafic silicate grains in the matrix lack
ferroan rims (Figs. 3, 4, 6, 8, 9), consistent with
postmetamorphic fragmentation, incorporation of minor
amounts of nearby type-3 chondritic debris, and impact-
induced recompaction of the clast.

Although there are many ungrouped carbonaceous
chondrites (e.g., Davy et al. 1978; Kallemeyn and Rubin
1995; Newton et al. 1995; Choe et al. 2010; Kimura
et al. 2014; Meteoritical Bulletin Database), there are
few ungrouped ordinary chondrites (if meteorites
classified as H/L and L/LL are considered grouped).
The principal exceptions are reduced samples such as
the Netschaevo and Mount Dieu IIE irons and Clast 6.
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