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Abstract

Northwest Africa (NWA) 5492 and Grosvenor Mountains (GRO) 95551 are metal-rich chondrites having silicate (olivine
and pyroxene) compositions that are more reduced than those in other metal-rich chondrites, such as the CH and CB chon-
drites. Additionally, sulfides in NWA 5492 and GRO 95551 are more abundant and not related to the metal, as in the CB
chondrites. Average metal compositions in NWA 5492 and GRO 95551 are close to H chondrite metal. Oxygen isotope ratios
of NWA 5492 and GRO 95551 components (chondrules and fragments) show a range of compositions with most having A'’O
values >0%,. Since there is no matrix component, their average chondrule + fragment oxygen isotopic compositions are con-
sidered to be representative of whole rock and (A'’O values) are sandwiched between the values for enstatite (E) and ordinary
(O) chondrites. These data argue for a close relationship between NWA 5492 and GRO 95551 and suggest that they are the
first examples of a new type of metal-rich chondrite.

Oxygen isotope ratios of chondrules in NWA 5492 and GRO 95551 show considerable overlap with chondrules in O, E
and R chondrites, with average compositions indistinguishable from LL3 chondrules, suggesting considerable mixing between
these Solar System materials during chondrule formation and/or that their precursors experienced similar formation environ-
ments and/or processes. Another characteristic shared between NWA 5492 and GRO 95551 and O, E and R chondrites is that
they are all relatively dry (low abundances of hydrated minerals), compared to many C chondrites and have fewer, smaller
CAIs than many C chondrites. (No CAls were found in NWA 5492 or GRO 95551 but they contain rare Al-rich chondrules.)
We suggest that O, E, R and the NWA 5492 and GRO 95551 chondrites are closely related Solar System materials.
© 2015 Elsevier Ltd. All rights reserved.
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matrix-poor chondrites such as the CB and CH chondrites
have been among the most perplexing meteorite groups.
Their origin and relationship to other chondrites remain
open issues. Their chondrules and other components have
been interpreted to be highly pristine materials formed
either in the early solar nebula (Newsom and Drake,
1979, Weisberg et al., 1990, 1995, 2001; Meibom et al.,
1999; Campbell et al., 2001 ;Krot et al., 2001, 2002;
Rubin et al., 2003) or as products of late stage protoplane-
tary collisions (e.g.,, Wasson and Kallemeyn, 1990;
Campbell et al., 2002; Amelin and Krot, 2005; Krot
et al., 2005; Fedkin et al., 2015). Study of new metal-rich
meteorites with textural similarities to CH or CB chondrites
but from different Solar System reservoirs (locations) may
provide a better understanding of the origins of these unu-
sual meteorites and their relationship to emerging worlds.

Northwest Africa (NWA) 5492 and Grosvenor
Mountains (GRO) 95551 are recently discovered
metal-rich chondrite breccias that represent a new oxygen
isotope reservoir and possibly a new chondrite (i.e., aster-
oid) parent body (Friend et al., 2011; Weisberg et al.,
2011a, 2012) and thus require further exploration and char-
acterization. Although they have some textural similarity to
CB and CH chondrites, such as high metal abundances and
occurrence of large cm-size barred olivine (BO) chondrules,
their silicates are (with some exceptions) more reduced, sul-
fides are more common and not associated with the metal,
and their metal compositions differ from CB and CH chon-
drites, showing a closer affinity to H chondrite metal (e.g.,
Campbell and Humayun, 2003; Humayun and Weisberg,
2012). Initial oxygen isotope ratios indicate that NWA
5492 and GRO 95551 components (chondrules and lithic
fragments) plot in a region above the terrestrial fractiona-
tion (TF) line, below ordinary chondrite compositions
and just above enstatite chondrites in 3-oxygen space
(Weisberg et al., 2011a, 2012; Friend et al., 2011) with
one rare (barred olivine) component in NWA 5492 plotting
near the CR, CB and CH chondrites (Krot et al., 2010;
Weisberg et al., 2011a, 2012). Additionally, metal composi-
tions of both NWA 5492 and GRO 95551 plot off the chon-
dritic Co vs. Ni trend observed in CR, CH and CB metal to
higher Co (Weisberg et al., 2012), possibly suggesting the
onset of parent body equilibration. The whole rock compo-
sition of NWA 5492 shows chondritic Ca/Mg and Al/Mg
ratios, with a striking depletion in the Mn/Mg ratio, and
Fe/Mg and Ni/Mg ratios that are about 2 x CI (Friend
et al., 2011).

Here we present results of a petrologic and geochemical
study of the chondrules and metal in NWA 5492 and GRO
95551. We present oxygen isotope data on silicates in indi-
vidual chondrules in both NWA 5492 and GRO 95551. Our
goals are to evaluate the relationships of NWA 5492 and
GRO 95551 to each other and to other chondrite groups.
Additionally, we want to determine whether the CH-CB
oxygen isotope signature reported by Weisberg et al.
(2012) is common or rare in these meteorites.

Metal composition is another feature that can be used to
evaluate affinities with other chondrite groups. The sidero-
phile element abundances of metal in each of the chondrite
groups are distinct. Metal in GRO 95551 has been shown to

have affinities to ordinary chondrite metal (Campbell and
Humayun, 2003). Thus, to examine the relationship of the
metal nodules in NWA 5492 to metal in GRO 95551 and
other chondrites, we analyzed siderophile elements by
LA-ICP-MS. Our goals are to characterize these unusual
chondrites in order to assess their origin and relationship
to other chondrite groups. Preliminary results were pre-
sented in Weisberg et al. (2012) and Humayun and
Weisberg (2012).

2. METHODS

Two thin sections of NWA 5492 (—1 and —2) and one of
GRO 95551 (, 51) were documented with backscattered
electron (BSE) images using a JEOL JSM-6390 scanning
electron microscope with a Bruker Quantax Energy
Dispersive Spectrometer (EDS), at CUNY, and a Hitachi
S4700 Field Emission Gun Scanning Electron Microscope
(FEG-SEM), equipped with a Bruker EDS (at the
AMNH). The total (thin section) area studied was
414 mm* for NWA 5492 and 64 mm” for GRO 95551.
Wavelength dispersive spectral maps of Si, Al, Mg, Ca,
Fe, Ti, S, P, Na and Ni X-ray emission intensity of the
two NWA 5492 sections were generated with a Cameca
SX100 electron microprobe (at the AMNH). These maps
were previously published in Weisberg et al. (2012). These
are “stage maps” (moving stage, stationary electron beam).
Operating conditions were 15 kV and 40 nA, with a dwell
time of 12 ms on one micrometer beam spots spaced 6 um
apart. Modal analysis was based on these elemental X-ray
maps of the sections.

Mineral compositions were determined on nominally
1 um spots using the Cameca SX100 and JEOL Super
Probe (Rutgers) electron microprobes. Natural and syn-
thetic standards were chosen based on the compositions
of the minerals being analyzed. An accelerating potential
of 15 keV and a sample current of 20 nA were used for sil-
icates and 20 keV and 25nA for metal. Counting times
were 20 s on peak, and 10 s on background (off-peak) spec-
trometer positions. Relative uncertainties (2 sigma), based
on counting statistics for major elements (Si, Fe, Mg) are
calculated to be <2% and for Ti, Cr, Mn and Ca they are
10%, 10%, 9% and 5%, respectively. Data reductions were
carried out using methods described by Pouchou and
Pichoir (1991).

Section NWA 5492-2 was analyzed using a New Wave
UP193FX excimer laser ablation — inductively coupled
plasma — mass spectrometry (LA-ICP-MS) system at the
Plasma Analytical Facility, FSU (Humayun et al., 2007;
Humayun, 2012). Ten metal nodules, >1 mm in size, were
selected for analysis. A spot size of 100 um, with 60 laser
shots (10 Hz, 3-s dwell time), and 2 GW/cm? was used for
most spots, but one analysis was taken with a line scan
using a 50 um spot size scanned at 10 um/s.

The CAMECA IMS 1280 ion microprobe at the
University of Wisconsin-Madison (WiscSIMS, Kita et al.,
2010) was used for the oxygen three-isotope analyses of oli-
vine and pyroxene, the dominant minerals in the chondrules
studied. The analytical procedure is very similar to that
described in Kita et al. (2010) that uses three Faraday cups
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on the multi-collection system for high precision oxygen
three-isotope analyses. We used a Cs* primary beam of
~4 nA focused to a 15 um diameter and obtained sec-
ondary '°O intensities at ~3 x 10° count per seconds
(cps), which corresponds to 7O intensities at ~1 x 10°
cps. A single spot analysis took ~7 min. Typically ~15
analyses of olivine and low-Ca pyroxene unknowns in
chondrules are bracketed by a total of 8 analyses of the
San Carlos olivine standard (Fogy, 30 = 5.32%,
VSMOW; Kita et al., 2010) that was mounted as a polished
thin section. The average external reproducibilities of
bracketing standard analyses (2SD) were 0.3%, for 3'%0
and 0.59, for 570 and AYO during the session. A
low-Ca pyroxene standard (Eng;, 8'8%0 =13.31%,
VSMOW; Kita et al., 2010) was analyzed in the same ses-
sion for estimating matrix effect between olivine and pyrox-
ene (Kita et al., 2010). The contribution of the tailing of
"0O'H" interference to the 'O~ signal was corrected for
by the method described in Heck et al. (2010), though the
contribution was negligibly small (<0.1%,). After SIMS
analyses, all SIMS pits were inspected using a SEM to con-
firm the analyzed positions.

3. RESULTS
3.1. Shock classification of NWA 5492 and GRO 95551

NWA 5492 is reported as having variable degrees of shock
with a shock stage ranging from S3 to S5 (Garvie,
2012-Meteoritical Bulletin 99), based on the shock classifica-
tion scheme of Stoffler et al. (1991). In the NWA 5492 sec-
tions we studied, olivine has sharp optical extinction
indicating it is S1, essentially unshocked. However, the coex-
isting pyroxene is darkened due to inclusions of metal and
sulfide. Such silicate darkening in chondrites is usually inter-
preted as due to moderate degrees of shock. The sharp optical
extinction in the olivine may be due to post shock annealing
which could have healed the shock features of the olivine
(e.g., Rubin, 2004). Alternatively the darkening in the pyrox-
ene is the result of reduction and not due to shock.

GRO 95551 is reported as being heavily shocked
(Grossman, 1998-Meteoritical Bulletin 82). In the section
we studied the olivine has undulatory extinction and planar
fractures. This suggest a shock classification of S3.

3.2. Chondrules

We studied the petrology of 28 chondrules and frag-
ments from GRO 95551, 51 and 45 objects from two thin
sections of NWA 5492. Oxygen isotope ratios were deter-
mined for olivine and pyroxene grains in 20 objects from
GRO 95551 and 15 objects from NWA 5492. Some petro-
logic descriptions of chondrules have been reported previ-
ously by Weisberg et al. (2012) and some of those
descriptions are reviewed here.

3.3. Textures and mineral assemblages

NWA 5492 and GRO 95551 appear to be breccias com-
posed of chondrules, lithic fragments and metal nodules

(Fig. la—c; see also Fig. 1 of Weisberg et al., 2012).
Chondrules in NWA 5492 (measured in thin section) are
commonly 500 pm to 1 mm in size, with some up to
1.8 mm. The average chondrule size is 1.2 + 0.5 mm Some
angular lithic fragments are several mm in size. The section
of GRO 95551 that we studied is dominated by a large
(1.2cm) BO chondrule (C27) surrounded by smaller
(260 pm to ~2mm) chondrules, fragments and metal
(Fig. 1b). The average chondrule size in GRO 95551 is
900 + 500 um. Many of the smaller objects in GRO 95551
have chondrule textures but with irregular outlines and
no evidence of once being spherical. Chondrules and frag-
ments in the NWA 5492 and GRO 95551 sections were clas-
sified into textural types according to the descriptions and
definitions of Gooding and Keil (1981). The chondrule tex-
tures in both GRO 95551 and NWA 5492 include por-
phyritic olivine (PO), porphyritic pyroxene (PP),
porphyritic olivine-pyroxene (POP), radial pyroxene (RP),
barred olivine (BO), cryptocrystalline (C) and glass-rich
PO (these are glass-rich with phenocrysts constituting less
than 20% of the chondrule). Of the 45 chondrules and chon-
drule fragments studied in two sections of NWA 5492, tex-
tural types include, 8 C, 2 RP, 2 BO, 11 PO, 2 Al-rich PO,
17 PP, 1 POP and 2 pyroxene-rich angular fragments. Thus,
as in most chondrites, porphyritic is the dominant chon-
drule texture. Noteworthy, however, is that most of the
porphyritic chondrules are either dominantly olivine or
dominantly pyroxene and there is a lack of the porphyritic
olivine-pyroxene chondrules (POP) that dominate carbona-
ceous (Ebel et al., in press) and ordinary chondrites
(Gooding and Keil, 1981; Kita et al., 2010). The two
pyroxene-rich angular fragments are exceptionally large
(C12 and C13 in NWA 5492-2), do not have typical chon-
drule textures and do not have any curved surfaces and thus
are determined not to be chondrule fragments (see
Appendix B and Figs. 2e, f of Weisberg et al., 2012). In
addition, NWA 5492-1 contains a lithic fragment with
smaller chondrules (~200 pm in size, labeled “1” in the
RGB map of Appendix B; Fig. 2k in Weisberg et al.,
2012) that have minerals (e.g., olivine is Fa_q5) composi-
tionally similar to those of chondrules in the host chondrite.
However, due to its location at the edge of the section we
were not able to obtain reliable oxygen isotope composi-
tions on this fragment.

Silicates in some chondrules are peppered with tiny
(micron-submicron) blebs of metal suggestive of reduction
of Fe from the silicates, e.g. C12 in NWA 5492-1
(Appendix B; Fig. 2d of Weisberg et al., 2012). The large
angular fragments in NWA 5492 (Cl12 and 13 in
Appendix B; Fig. 2e, f in Weisberg et al., 2012) are
fine-grained intergrowths of enstatite and FeNi metal, sim-
ilar to textures observed in some E chondrites (e.g., Van
Niekirk and Keil, 2011). Some porphyritic and BO chon-
drules in NWA 5492 have very unusual textures in which
metal or sulfide (troilite and daubréelite) is interstitial to
the silicates, occurring where chondrule mesostasis would
be expected (C12 in NWA 5492-1 in Appendix B and
Fig. 2j of Weisberg et al., 2012).

In GRO 95551, the 28 studied objects (chondrules and
fragments) include 3 RP, 1 (exceptionally large) BO, 4
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GRO 95551 GRO 95551, 51 ;‘

X15  1mm 0000 2961BES

GRO 95551
C25

X80 200pm 0000 2961 BES

Fig. 1. (a) Photograph of GRO 95551 with cut surfaces showing the high abundance of metal. Photo is courtesy of NASA Johnson Space
Center Astromaterials Curation office. (b) Backscatter electron image (BSE) of the thin section of GRO 95551 showing the chondrules that
were studied. (c) BSE of C25, a fragment in GRO 95551 that has Fe-rich pyroxene and has an oxygen isotope composition similar to R
chondrites.

NWA 5492-2

Fig. 2. BSE image of section NWA 5492-2 showing locations of the metal analyzed.
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PO, 3 POP, 15 PP and 2 lithic fragments. The two lithic
fragments have coarse granular textures not typical of
chondrules and one of these (Fig. 1c) has FeO-rich silicate
and oxygen isotope compositions similar to R chondrites
(as discussed below). As in NWA 5492, some of the silicates
in chondrules from GRO 95551 have inclusions of tiny
(sub-micrometer-sized) blebs of Ni-poor Fe metal suggest-
ing reduction of Fe from the silicates.

The metal in NWA 5492 occurs as ~500 um diameter
nodules, or clusters of nodules interstitial to the chondrules,
or as the mesostasis of some chondrules. The section of
GRO 95551 is dominated by a large BO chondrule and thus
metal is scarce. However, from the metal we were able to
observe in thin section and in images from ANSMET
(Fig. la), the size and distribution of metal in GRO
95551 seems roughly similar to that in NWA 5492 but no
metal was observed as chondrule mesostasis.

3.4. Silicate compositions

Olivine and pyroxene in both NWA 5492 and GRO
95551 chondrules are uniformly highly magnesian (Tables
1 and 2), regardless of chondrule texture. In NWA 5492
average olivine (43 analyses) is Fay; with a range of
Fag .07 Average low-Ca pyroxene (26 analyses) is
near-endmember enstatite (Fsos Wog4) with a range of
Fso3.1.6 Woo3.05. (Histograms of olivine and pyroxene

Table 1

endmember compositions were reported in Weisberg
et al., 2012.) Average composition (range) of chondrule
mesostasis is (wt.%) 61.4 (53.6-64.3) SiO,, 21.8 (19.2-
27.0) Al,Os, 4.0 (2.4-8.6) CaO, and 5.9 (2.1-8.6) Na,O.
In GRO 95551, silicates show a wider range in composition.
Mean olivine is Fa; 3 (21 analyses) with a range of Fag 7.3 5
and pyroxene ranges Fsg 7.39.6,W0¢.7.1.6. The pyroxene with
a composition of Fszg¢ is from a single object, C25, see
Table 2). Chondrule mesostasis is approximately (wt.%)
41.1-62.5 SiO,, 20.1-35.7 Al,O3, 3.8-19.0 CaO and 0.5-
8.1 Na,O. Data for mesostasis are given as approximations
due to concerns about the fine-grained textures of the
mesostasis and its possible instability during electron probe
analysis.

3.5. Metal compositions

From microprobe analysis, NWA 5492 contains mainly
low-Ni metal with a fairly uniform composition. Average
(range) metal composition (wt.%) is 5.5 (5.0-5.8) Ni, 0.33
(0.30-0.35) Co, and Cr, P and Si are below detection
(<0.03 wt.%), as reported in Weisberg et al. (2012). GRO
95551 has both high-Ni (8.5 wt.%) and low-Ni (4.3 wt.%)
metal (Weisberg et al., 2001).

Nine grains from eight metal nodules in NWA 5492-2
were analyzed using LA-ICP-MS, locations for which are
shown in Fig. 2. Data are given in Table 3. Preliminary data

Average compositions (wt.%) of olivine in chondrules from NWA 5492 and GRO 95551.

Chondrule SiO, TiO, AL O3 Cr,04 FeO MnO MgO CaO Total Fa (mol.%) No.
NWA 5492-1

Cl 41.8 0.18 0.10 0.05 0.15 0.12 57.2 0.05 99.6 0.1 16
C4 42.1 bd bd 0.02 0.17 0.11 57.4 0.01 99.8 0.2 5
C7 43.2 0.03 0.04 0.02 0.14 0.08 57.1 0.06 100.7 0.1 6
C10 43.2 0.04 0.03 0.05 0.69 0.09 57.2 0.07 101.4 0.7 1
CI2 42.5 bd bd 0.00 0.99 0.08 57.0 0.00 100.6 1.0 2
C13 43.4 bd bd bd 0.12 0.11 56.8 0.12 100.6 0.1 6
NWA 5492-2

Cl1 41.7 bd bd bd 0.40 0.16 57.0 bd 99.3 0.4 1
C2 42.0 bd 0.03 0.03 0.20 0.14 56.9 0.04 99.4 0.2 2
C4 41.6 bd bd bd 0.40 0.09 57.4 bd 99.5 0.4 5
Cs 41.6 0.06 0.07 0.40 0.44 0.10 57.4 0.03 100.1 0.4 4
C13 41.9 0.03 0.06 0.06 0.51 0.11 56.7 0.03 99.4 0.5 1
Cl18 42.4 bd bd bd 0.40 0.09 57.5 bd 100.4 0.4 3
C20 423 bd 0.09 0.03 0.38 0.12 57.3 0.08 100.2 0.4 2
C21 42.1 bd bd bd 0.30 0.09 57.6 0.04 100.0 0.3 5
C22 42.0 bd bd bd 0.21 0.13 57.4 bd 99.7 0.2 3
GRO 95551

Cl1 41.5 0.04 bd 0.05 0.87 0.22 57.9 0.09 100.7 0.8 18
C2 41.2 bd bd 0.07 0.96 0.27 57.8 0.03 100.4 0.9 1
c3 41.6 0.03 0.08 0.06 0.93 0.21 57.7 0.16 100.7 0.9 3
C4 42.1 0.03 0.04 0.05 1.15 0.21 56.2 0.03 99.8 1.1 24
Cs 41.8 0.03 bd 0.06 0.99 0.22 56.3 0.08 99.5 1.0 5
Cl4 424 0.07 0.10 0.11 1.04 0.20 56.0 0.19 100.0 1.0 6
C25 423 bd bd 0.03 1.05 0.22 56.4 0.04 100.0 1.0 2
C26 41.7 0.07 0.03 0.06 0.90 0.19 57.2 0.07 100.3 0.9 4
C27 43.1 0.03 0.26 0.08 1.40 0.10 55.2 0.04 100.2 1.4 1

Na,O and NiO were measured and are below detection (<0.08 and 0.05 respectively) in all pyroxene grains.

bd — below detection (<0.03). No. — number of analyses.
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Table 2

Average compositions (wt.%) of low-Ca pyroxene in chondrules from GRO 95551 and NWA 5492.

Chondrule SiO, TiO, Al,O3 Cr,03 FeO MnO MgO CaO Total Wo FS No.
NWA 5492-1

Cl 59.8 0.09 0.25 0.09 0.26 0.19 39.4 0.25 100.3 0.5 0.3 2
C4 57.1 0.11 0.54 0.07 0.16 0.13 41.7 0.25 100.1 0.4 0.2 1
Cl16 59.5 0.04 0.11 0.09 0.21 0.20 39.7 0.27 100.1 0.5 0.3 1
C18 59.7 0.12 0.37 0.07 0.27 0.13 39.5 0.25 100.4 0.5 0.3 5
NWA 5492-2

Cl 58.7 0.07 0.36 0.12 0.49 0.15 39.8 0.25 100.0 0.4 0.7 2
C2 57.8 0.20 1.63 0.45 0.39 0.19 39.0 0.36 100.0 0.7 0.5 2
C4 57.7 0.18 0.96 0.30 0.52 0.14 38.9 0.42 99.1 0.8 0.7 1
C5 58.4 0.19 0.88 0.09 0.89 0.12 40.0 0.29 100.8 0.5 1.3 1
Cl12 59.0 0.07 0.29 0.07 0.91 0.17 40.2 0.30 101.0 0.5 1.3 2
C13 59.0 0.04 0.17 0.03 1.03 0.17 39.9 0.19 100.6 0.3 1.5 1
Cl17 59.4 0.07 0.31 0.08 0.40 0.16 40.0 0.27 100.7 0.5 0.5 4
C19 59.4 0.07 0.31 0.08 0.40 0.16 40.0 0.27 100.7 0.5 0.5 1
C20 59.2 0.05 0.24 0.16 0.44 0.23 39.7 0.28 100.3 0.5 0.6 2
C22 58.9 0.09 0.40 0.12 0.19 0.12 39.7 0.22 99.7 0.4 0.3 2
GRO 95551

Cl 58.9 0.10 0.24 0.16 0.70 0.27 40.2 0.27 100.8 0.5 0.9 6
Cl 57.1 0.41 1.65 0.30 0.72 0.09 37.9 2.27 100.5 4.1 1.1 7
C2 59.1 0.04 0.18 0.19 0.75 0.27 39.7 0.34 100.5 0.6 1.0 1
C3 57.9 0.16 0.61 0.32 0.90 0.28 39.8 0.51 100.5 0.9 1.2 11
C6 59.4 0.04 0.18 0.31 1.27 0.23 38.6 0.26 100.4 0.5 1.8 20
C7 59.1 0.04 0.14 0.05 0.44 0.17 40.1 0.99 101.0 1.7 0.6 20
C8 57.2 bd 0.07 0.41 6.41 0.18 35.6 0.62 100.6 1.1 9.1 17
C9 58.5 0.06 0.21 0.16 1.11 0.33 38.7 0.38 99.4 0.7 1.6 5
Cl10 58.5 0.10 0.62 0.31 0.88 0.17 38.2 0.83 99.7 1.5 1.3 3
Cl11 55.7 0.00 0.18 0.59 11.0 0.64 31.9 0.44 100.5 0.8 16.1 7
Cl12 58.5 0.07 0.37 0.30 0.65 0.21 38.9 0.38 99.4 0.7 0.9 4
C13 58.3 0.09 0.27 0.19 1.41 0.29 38.5 0.26 99.4 0.5 2.0 5
CI15 59.3 0.16 0.56 0.26 1.19 0.26 38.6 0.48 100.9 0.9 1.7 1
C24 58.8 0.07 0.38 0.43 1.80 0.23 38.6 0.35 100.7 0.6 2.6 11
C25 56.8 0.03 0.22 0.47 7.68 0.34 33.8 0.36 99.7 0.7 11.2 1
C25-Fe-pyx 51.8 0.09 0.34 0.12 24.0 0.78 20.6 0.66 98.4 1.4 39.0 1
C27 58.7 0.09 0.31 0.19 0.68 0.28 39.9 0.24 100.4 0.4 1.0 7
C27 55.6 0.28 3.17 0.73 1.96 0.08 36.4 2.37 100.6 4.4 2.8 7

Na,O and NiO were measured and are below detection (<0.08 and 0.05 respectively) in all pyroxene grains.

bd — below detection (<0.03). No. — number of analyses.

were reported in Humayun and Weisberg (2012). The metal
composition of GRO 95551 was reported in Campbell and
Humayun (2003). Of the eight nodules in NWA 5492 ana-
lyzed, one was dominated by a schreibersite grain (M3).
The analysis of one nodule (M5) had silicate contamination
as evidenced by the presence of high Si, Ti, V, and Cr, and
of Mn, and Zn (not shown). The other six metal nodules
were low in Si (<0.05wt.%), V (<0.4ppm) and Cr
(<6 ppm) implying that the metal was oxidized or sul-
fidized, unlike metal from CR chondrites (Kong et al.,
1999; Humayun, 2012) and CB chondrites (Campbell
et al., 2002, 2005). The abundances of Zn (<1 ppm), Mn
(<1 ppm), Mo and Sb were also at or below detection lim-
its. For Mo, this was mainly due to a high instrumental
blank during that analytical session. Elemental abundances
for the 9 nodules are similar so a single average was calcu-
lated and is shown in Fig. 3 on a Ni- and Cl-normalized
plot. Metal in ordinary chondrites varies in its Ni/Fe ratio
due to oxidation, and the abundances of most of the side-
rophile elements correlate with Ni abundance. Thus, we

have chosen to normalize the siderophile element abun-
dances to Ni so that elements affected by oxidation (W,
Fe, Ga) stand out as anomalies. Further, on a
Ni-normalized plot a direct comparison can be made
between the siderophile element compositions of bulk chon-
drites and that of chondritic metal. NWA 5492 metal has a
CI chondritic Fe/Ni ratio, but exhibits a small positive Co
anomaly due to the presence of troilite and schreibersite
that act as additional hosts for Fe and Ni, respectively.
Unlike metal from carbonaceous chondrites (e.g., CR,
CB), NWA 5492 metal has a fractionated refractory sidero-
phile element pattern similar to those from ordinary and
enstatite chondrites, with high W and Re, and low Os, Ir,
Pt relative to CI (Fig. 3).

Metal from GRO 95551 shows kamacite-taenite exsolu-
tion (Campbell and Humayun, 2003), which introduces
additional uncertainty in the bulk GRO 95551 metal com-
position. The siderophile element pattern of average GRO
95551 metal is shown in Fig. 3, compared with NWA
5492 metal and metal from bulk H chondrite (Kong and
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Table 3
Elemental abundances in metal grains from NWA 5492 by LA-ICP-MS.

Ml M2(a) M2(b) M3 M4 M5 M7 MS Mxl D.L.
Si (wt.%) 0.03 0.07 0.04 0.66 0.06 0.86 0.03 0.05 0.03 0.03
P (wt.%) 0.070 0.051 0.057 10.2 0.059 0.380 0.067 0.065 0.072 0.003
S (Wt.%) 0.08 0.11 0.10 0.34 0.10 0.12 0.14 0.09 0.07 0.05
Ti (ppm) 13 13 13 10 13 26 13 13 13 13
\% (ppm) 0.4 0.5 0.4 0.3 0.4 0.9 0.4 0.4 0.4 0.4
Cr (ppm) 6 6 6 6 6 21 6 6 6 6
Fe (wt.%) 94.1 94.1 94.1 63.7 94.2 92.9 94.1 93.9 94.0
Co (wt.%) 0.336 0.323 0.326 0.155 0.336 0.315 0.320 0.320 0.321
Ni (Wt.%) 5.40 5.33 5.34 24.70 5.26 5.39 5.38 5.55 5.45
Cu (ppm) 54 53 55 176 53 54 55 55 55 2
Ga (ppm) 15.2 15.0 15.5 6.0 15.0 14.6 15.5 15.5 14.9 0.2
Ge (ppm) 26.0 26.7 26.4 11.8 24.9 26.3 26.5 25.9 26.1 0.2
As (ppm) 4.9 5.0 44 3.3 5.1 4.8 4.9 4.8 4.5 1.2
Mo (ppm) 3 5 3 22 5 3 3 2 1 4
Ru (ppm) 2.84 3.56 4.13 5.37 3.11 3.26 3.34 3.15 3.11 0.04
Rh (ppm) 0.53 0.63 0.61 0.54 0.47 0.56 0.61 0.55 0.56 0.01
Pd (ppm) 2.6 2.5 2.7 5.9 2.7 2.7 2.9 2.6 2.4 0.05
Sn (ppm) 0.37 0.43 0.40 0.50 0.35 0.35 1.28 0.40 0.37 0.05
Sb (ppm) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
W (ppm) 0.5 0.6 0.6 0.4 0.5 0.6 0.6 0.5 0.6 0.01
Re (ppm) 0.20 0.17 0.25 0.08 0.22 0.20 0.22 0.18 0.23 0.01
Os (ppm) 1.81 2.36 2.48 1.19 2.53 241 242 2.16 2.19 0.001
Ir (ppm) 1.70 2.06 2.13 1.10 2.35 1.89 2.18 1.92 1.98 0.003
Pt (ppm) 4.03 4.00 4.45 2.39 4.43 4.26 4.68 422 4.29 0.01
Au (ppm) 0.58 0.73 0.78 1.13 0.66 0.65 0.69 0.66 0.62 0.03

D.L. — detection limit. Values in italics are at the detection limit.

Humayun and Weisberg (2012)
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Fig. 3. Elemental abundances of metal (average of eight spots) from NWA 5492 and GRO 95551 (Campbell and Humayun, 2003) compared
with bulk H chondrite composition (Kong and Ebihara, 1997; modified by Teplyakova et al., 2012).

Ebihara, 1997). The two metal-rich chondrites have nearly
identical metal composition, and it is similar to the sidero-
phile element pattern of bulk H chondrites but lacks the
oxidative losses of W, Fe and Ga seen in H chondrite metal
(Fig. 3). Thus, metal from NWA 5492 and GRO 95551
could be derived from H chondrite bulk composition by a
higher degree of reduction than experienced by ordinary
chondrite metal.

3.6. Oxygen isotopes

We made a total of 91 spot analyses in 35 chondrules in
NWA 5492 and GRO 95551 (2-6 spots in individual chon-
drules). Spot locations were checked with SEM and no data
were rejected. Images and spot locations for each chondrule
analyzed are given in Appendix B (NWA 5492) and A
(GRO 95551). Oxygen isotope data for olivine and
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pyroxene in NWA 5492 and GRO 95551 chondrules are
given in Table 4. The oxygen isotope ratios for NWA
5492 chondrules form a cluster lying mainly between the
terrestrial fractionation (TF) and Young-Russell (Y-R)
lines (Young and Russell, 1998) in 3-isotope space
(Fig. 4a). The data overlap with olivine and pyroxene from
chondrules in both enstatite and ordinary chondrites (Kita
et al., 2010; Weisberg et al., 2011b). The average deviation
of data from the TF line expressed as A'’O (8'70-
0.52 x 8'80) is indistinguishable from that of chondrules
in LL3 chondrite chondrules (average ~ +0.59, Kita
et al., 2010) and slightly above the TF line (A'70 = 0%,),
as shown in Fig. 5a,b.

Olivine in NWA 5492 and GRO 95551, dominantly
from PO (type IA) chondrules, seems to show systemati-
cally lower 8'80 values than pyroxene, which are primarily
from PP (type IB) chondrules. In Fig. 4d, averages for the
NWA 5492 and GRO 95551 chondrules are plotted and
sorted by type (IA, IB, IAB). This shows a fairly systematic
difference in 3'30 with type IB chondrules generally having
higher 3'®0 values than type IA. Lower 8'30 values in type
IA chondrules relative to type IB chondrules are also seen
in LL3 chondrites, and interpreted as a result of evapora-
tion and recondensation during chondrule formation (e.g.,
Fig. 4 in Kita et al., 2010).

Chondrule C9 in NWA 5492 is an Al-rich (glassy) chon-
drule with minor olivine and its olivine has the lowest A'’O
of the chondrules we analyzed (Fig. 4a). Object C12 in
NWA 5492-2 is a large (>4 cm) angular fragment consisting
mainly of an intergrowth of enstatite and metal, similar to
textures described in E chondrites (see Fig. 3 in Weisberg
et al., 2012). Two pyroxene grains that were analyzed plot
on the TF line toward considerably heavier oxygen values
than E chondrites. A third pyroxene from C12 plots closer
to the main cluster of pyroxene from the other chondrules
(Fig. 4a). Therefore the pyroxene in this object has hetero-
geneous oxygen isotope ratios that plot on a line on the
oxygen-three isotope diagram, but not with a
mass-dependent slope. The heterogeneity in the pyroxene
may indicate oxygen isotope exchange in this chondrule.
Oxygen isotope ratios for GRO 95551 chondrules are sim-
ilar to NWA 5492 (Figs. 4b,c), but their data are more scat-
tered and the systematic difference in 3'30 values between
olivine and low-Ca pyroxene is not so obvious. The overlap
in oxygen isotope values supports a close relationship
between the two meteorites. Chondrule C27 that dominates
our section of GRO 95551 has oxygen isotope ratios that
plot on the TF line, similar to some EH3 chondrules
(Fig. 4b; Clayton et al., 1984; Weisberg et al., 2011b).
Olivine and pyroxene in C25, which has a range of compo-
sitions but with the highest FeO content (Fs39), plots above
the Y-R line near the range for equilibrated R chondrites
(Fig. 4b), suggesting mixing of material from other reser-
voirs. Note that most A'’O values of chondrules in primi-
tive R3 chondrite clasts range from 0%, to +1.59, (Kita
et al., 2013), overlapping even more with data from ordi-
nary chondrite (LL3) chondrules as well as GRO 95551
and NWA 5492 chondrules.

The majority of oxygen isotope ratios of the chondrules
from NWA 5492 and GRO 95551 show considerable

overlap (Fig. 4c). With respect to A'’O, NWA 5492 and
GRO 95551 show a similar range of compositions for the
majority of chondrules and they overlap with chondrules
from EH3 (Weisberg et al., 2011b) and LL3 (Kita et al.,
2010) chondrites (Fig. 5a). However, NWA 5492 and
GRO 95551 do not have a matrix component. Thus, the
average oxygen isotope ratios of their chondrules plus frag-
ments are essentially equal to whole rock. In comparison to
whole rock, the average A'’O values for NWA 5492 and
GRO 95551 are sandwiched between the O and E chon-
drites (Fig. 5b).

4. DISCUSSION
4.1. Relationship of NWA 5492 to GRO 95551

GRO 95551 exhibits important similarities to NWA
5492 in texture, mineral composition and oxygen isotope
composition, except that silicates in GRO 95551 include a
larger range of Fa composition (Weisberg et al., 2012).
Oxygen isotope data for individual chondrules show con-
siderable overlap (Fig. 4c). Metal from GRO 95551 exhibits
kamacite-taenite exsolution (Campbell and Humayun,
2003), not present in NWA 5492. GRO 95551 and NWA
5492 have nearly identical metal compositions, similar to
the siderophile element pattern of H chondrite metal
(Fig. 3). Differences in the absolute siderophile element
abundances normalized to Ni are dependent on the
kamacite-taenite ratio in GRO 95551. Depletions of Mo
and Cu are due to partitioning into troilite, while discrepan-
cies at Sb and Sn are not well understood. Overall, the
metal from these two chondrites is sufficiently similar in
composition to support grouping the two meteorites, con-
sistent with petrologic characteristics and oxygen isotopes.

4.2. A new type of metal-rich chondrite

NWA 5492 and GRO 95551 are metal-rich chondrite
breccias with highly reduced silicate compositions unlike
any other type of chondrite. Although they are metal-rich
(>20 vol.% metal) like CH and contain large metal nodules
and large BO chondrules like CB chondrites, their silicate
compositions are mainly more reduced and they contain
higher abundances of sulfides than CH or CB (Weisberg
et al., 2012). Their olivine and pyroxene have near magne-
sian endmember compositions, similar to those of E chon-
drites. However, the Si content of the metal is low (below
our electron probe detection limit of 0.03 wt.%), unlike
metal in the enstatite chondrites (e.g., Keil, 1968;
Weisberg and Kimura, 2012). Also, NWA 5492 and GRO
95551 do not contain the array of sulfide minerals that is
characteristic of E chondrites, such as oldhamite (CaS),
niningerite (MgS) or alabandite (MnS) (e.g., Keil, 1968;
Weisberg and Kimura, 2012), but have troilite (FeS) and
daubréelite (FeCr,S4) as their sulfides. Similarities in the
oxygen isotope ratios of their components strongly support
a close relationship between NWA 5492 and GRO 95551
(Figs. 4 and 5) and equilibration of their components with
the same oxygen reservoir. However, mixing of E chondrite
(e.g., C12 in NWA 5492) and R chondrite (e.g., C25 in
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Table 4
Oxygen isotope compositions of minerals in chondrules from GRO 95551 and NWA 5492.

Phase Chondrule Type 3180 (%) 38 26 3170 (%) 57 26 A0 (%) A 26
GRO 95551
Cl-1 Ol POP 3.36 0.24 2.06 0.46 0.31 0.41
Cl1-2 (o)} 4.13 0.24 2.40 0.46 0.25 0.41
C1-3 Pyx 3.24 0.24 1.76 0.46 0.07 0.41
C2-1 Pyx PP 5.76 0.25 3.59 0.69 0.59 0.59
Cc2-2 Pyx 4.96 0.25 2.66 0.69 0.08 0.59
C3-1 Pyx POP 5.45 0.25 4.22 0.69 1.39 0.59
C3-2 Pyx 5.94 0.25 4.38 0.69 1.29 0.59
C3-3 Ol 4.56 0.25 3.28 0.69 0.90 0.59
C3-4 Ol 5.11 0.25 4.02 0.69 1.36 0.59
C4-1 Ol PO 5.49 0.24 2.76 0.46 —0.10 0.41
C4-2 Ol 3.71 0.24 1.73 0.46 —0.20 0.41
C4-3 Ol 4.26 0.24 2.01 0.46 —0.21 0.41
C5-1 Ol PO 4.93 0.15 2.31 0.42 —0.26 0.42
C5-2 Ol 4.49 0.15 2.47 0.42 0.14 0.42
C6-1 Pyx BP-RP 4.86 0.25 3.20 0.69 0.67 0.59
C6-2 Pyx 5.12 0.25 2.76 0.69 0.10 0.59
C7-1 Pyx PP 5.55 0.15 3.24 0.42 0.35 0.42
C7-2 Pyx 5.59 0.15 3.50 0.42 0.60 0.42
C8-1 Pyx PP 3.18 0.15 0.84 0.42 —-0.81 0.42
C8-2 Pyx 3.66 0.15 1.15 0.42 —0.75 0.42
C9-1 Pyx PP 5.06 0.15 3.22 0.42 0.59 0.42
C9-2 Pyx 5.71 0.15 3.22 0.42 0.25 0.42
Cl10-1 Pyx PP 4.77 0.15 2.13 0.42 —0.34 0.42
C10-2 Pyx 6.01 0.15 4.04 0.42 0.91 0.42
Cll-1 Pyx PP 3.59 0.15 2.54 0.42 0.68 0.42
Cl11-2 Pyx 4.29 0.15 3.46 0.42 1.23 0.42
Cl1-3 Pyx 3.39 0.15 2.67 0.42 0.91 0.42
Cl14 Pyx 3.31 0.15 2.44 0.42 0.72 0.42
Cl2-1 Pyx PP 5.15 0.35 2.74 0.63 0.07 0.58
C12-2 Pyx 4.33 0.35 1.93 0.63 -0.33 0.58
Cl13-1 Pyx PP 5.75 0.35 4.26 0.63 1.27 0.58
C13-2 Pyx 5.15 0.35 3.63 0.63 0.95 0.58
Cl4-1 Ol PO 5.21 0.31 3.55 0.49 0.84 0.54
Cl4-2 Ol 4.59 0.31 2.84 0.49 0.45 0.54
Cl4-3 Pyx 4.64 0.31 3.47 0.49 1.06 0.54
Cl4-4 Ol 4.52 0.31 3.00 0.49 0.65 0.54
Cl15-1 Pyx PP 5.73 0.35 3.67 0.63 0.69 0.58
C15-2 Pyx 5.66 0.35 4.01 0.63 1.06 0.58
C21-1 Pyx POP 6.33 0.31 4.83 0.49 1.54 0.54
C21-2 Ol 4.94 0.31 2.05 0.49 —0.52 0.54
C21-3 Ol 5.10 0.31 2.27 0.49 —0.38 0.54
C21-4 Ol 4.67 0.31 2.28 0.49 —0.15 0.54
C21-5 Pyx 5.57 0.31 291 0.49 0.02 0.54
C21-6 Pyx 5.23 0.31 3.36 0.49 0.64 0.54
C23-1 Ol POP-Frag 3.80 0.31 1.91 0.49 —0.07 0.54
C23-2 Ol 3.38 0.31 2.12 0.49 0.36 0.54
C24-1 Ol PO 3.36 0.31 2.66 0.49 0.91 0.54
C24-2 Ol 3.35 0.31 2.25 0.49 0.50 0.54
C25-1 Fe-Pyx Lithic Frag 4.80 0.31 5.47 0.49 2.97 0.54
C25-2 Fe-Pyx 4.85 0.31 5.34 0.49 2.82 0.54
C25-3 Ol 5.10 0.31 5.44 0.49 2.78 0.54
C25-4 Ol 4.93 0.31 4.86 0.49 2.30 0.54
C25-5 Fe-Pyx 3.82 0.35 4.78 0.63 2.80 0.58
C25-6 Fe-Pyx Lithic Frag 4.95 0.35 5.15 0.63 2.57 0.58
C27-1 Pyx BO 4.68 0.24 2.47 0.46 0.03 0.41
C27-2 Pyx 5.49 0.24 3.04 0.46 0.19 0.41

(continued on next page)
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Table 4 (continued)

Phase Chondrule Type 3180 (%) 3% 26 3170 (%) 87 26 A0 (%) A 26

NWA 5492-1

C4-1 ol PO 5.61 0.23 3.99 0.37 1.07 0.34
C4-2 ol 5.40 0.23 3.13 0.37 0.33 0.34
C4-3 ol 5.55 0.23 3.99 0.37 1.11 0.34
C4-4 ol 5.75 0.23 3.32 0.37 0.34 0.34
C4-5 ol 5.56 0.23 3.74 0.37 0.85 0.34
C7-1 ol PO 433 0.25 2.71 0.69 0.46 0.59
C7-2 ol 3.76 0.25 2.12 0.69 0.16 0.59
C10-1 ol 5.24 0.23 3.63 0.37 0.91 0.34
C10-2 ol 5.73 0.23 3.86 0.37 0.88 0.34
Cl2-1 ol BO 5.92 0.23 3.69 0.37 0.61 0.34
Cl2-2 ol 5.24 0.23 2.90 0.37 0.17 0.34
Cl13-1 ol PO 4.90 0.25 341 0.69 0.87 0.59
Cl13-2 oL 5.23 0.25 331 0.69 0.59 0.59
Cl16-1 Pyx PP 6.41 0.25 3.98 0.69 0.64 0.59
Cl6-2 Pyx 6.19 0.25 4.04 0.69 0.82 0.59
Cl18-1 Pyx POP 5.99 0.23 391 0.37 0.80 0.34
C18-2 ol 5.00 0.23 3.08 0.37 0.48 0.34
C18-3 ol 4.90 0.23 3.62 0.37 1.07 0.34
C18-4 Pyx 6.33 0.23 4.00 0.37 0.70 0.34
NWA 5492-2

C7-1 ol PO 5.22 0.25 2.35 0.46 —0.36 0.44
C7-2 ol 5.62 0.25 3.02 0.46 0.10 0.44
C9-1 ol Al-rich 1.88 0.25 0.07 0.46 —-0.90 0.44
C9-2 ol 2.17 0.25 0.51 0.46 —0.62 0.44
Cl2-1 Pyx Clast met-sil 6.49 0.25 4.30 0.46 0.93 0.44
Cl12-2 Pyx 9.48 0.25 4.97 0.46 0.04 0.44
C12-3 Pyx 8.42 0.25 4.64 0.46 0.27 0.44
Cl13-1 Pyx Clast met-sil 5.91 0.25 3.55 0.46 0.48 0.44
Cl13-2 Pyx 5.74 0.25 3.27 0.46 0.29 0.44
Cl6-1 Pyx PP 6.34 0.25 4.15 0.46 0.85 0.44
Cl6-2 Pyx 5.89 0.25 3.64 0.46 0.58 0.44
Cl17-1 Pyx PP 5.70 0.25 3.32 0.46 0.35 0.44
C17-2 Pyx 5.84 0.25 3.59 0.46 0.55 0.44
Cl18-1 ol PO 4.86 0.25 3.20 0.46 0.67 0.44
C18-2 ol 4.90 0.25 3.52 0.46 0.97 0.44
C31-1 ol PO 4.94 0.25 3.90 0.46 1.33 0.44

GRO 95551) components and general overlap with the OC
field (Figs. 4 and 5) suggest some relationship with the E, O
and R chondrites, possibly mixing of the precursor materi-
als during chondrule formation. Interestingly, troilite-dau
bréelite-alabandite nuggets (a typical EL chondrite assem-
blage) have been identified in the Ghubara L5 chondrite,
supporting a relationship between E and O chondrites
(Ivanova et al., 2000).

In our previous study we reported a clast in NWA 5492
having oxygen isotope ratios similar to CB chondrites
(Weisberg et al., 2012). We did not find such '"®O-rich oxy-
gen isotope ratios in any of the chondrules from the two
thin sections of NWA 5492 analyzed in this study, nor in
GRO 95551. We therefore conclude that such clasts are
very rare components mixed into the meteorite during brec-
ciation and are not characteristic of the oxygen reservoir for
these meteorites. However, we cannot completely exclude
the possibility of sampling bias in the sections of NWA
5492 and GRO 95551 that were studied.

The oxygen isotope ratios of most objects in both NWA
5492 and GRO 95551 overlap with chondrules from EH3,
LL3 and R3 chondrules. However, with respect to whole

rock compositions (assuming that the chondrule average
is equal to whole rock), NWA 5492 and GRO 95551 are
sandwiched between O and E chondrites. This is especially
apparent in their A’O values (Fig. 5). Some chondrules
have oxygen isotope ratios that plot on the TF line, similar
to E chondrites, e.g., pyroxene from the large BO chondrule
C27 in GRO 95551. Oxygen isotope ratios of BO chon-
drules are thought to represent the composition of the
ambient nebular gas because they form by complete melting
of their precursors (Clayton et al., 1977; Chaussidon et al.,
2008). This suggests a close relationship of NWA 5492 and
GRO 95551 to the E chondrites but, based on their average
oxygen compositions, textures, metal abundance and min-
eral compositions, they are a distinct chondrite group.
Some of the petrologic and oxygen isotopic characteristics
of NWA 5492 and GRO 95551 are summarized and com-
pared to those of other chondrite groups in Table 5.
NWA 5492 and GRO 95551 likely represent a new type
of chondrite with affinities to both E and H chondrites.
Although there are not enough individual examples of this
meteorite type to create a group (5 needed) or grouplet (3
needed), for convenience, we recommend calling them



M. K. Weisberg et al. / Geochimica et Cosmochimica Acta 167 (2015) 269-285

10, S SR
i Chondrules in NWA 5492 |
8 | YR !
® C12 - fragment ,"l 1
6 (metal-enstatite) ’/' /'
~ [ e A
S f
£ 4 ;
(@] [ f:c;n':llr-:lceh S )
~ 2| EH3 chondrules
o) [ ]
0 ® Qlivine -
.( CCAM ® | ow-Ca Pyx '
=~ L L L L |
0O 2 4 &6 8 10 12
8180 (%o)
C 10 T T T T T
g | Chondrules in NWA 5492
and GRO 95551
~ 6 * e
[=]
X - -~
N 4 L m
O
o
w 2 NWA 5492 A
® | ow-Ca Pyx
0 ® Olivine
GRO 95551 b
GEAM 9 Low-Ca Pyx
P ./ . . © Olivine
0 2 4 6 8 10 12

8180 (%o)

279

10 ) T T 1
i Chondrules in GRO 95551 |
8 ®cC27L R j
[ arge BO - 1
6 (low-Ca-Pyx) /// /
L s ¥ LA

4 E

r Vi —
o& 7 e Olivine
® | ow-Ca Pyx
b ¢ (C25 Fe-Pyx (Fs
> I CCAM ¢ C25 ohvmg ( 39)
0 2 4 6 8 10 12

3180 (%o0)

Alag

8180 (%0)

Fig. 4. (a) Oxygen 3-isotope diagram showing oxygen isotope ratios for olivine and pyroxene in NWA 5492 chondrules and fragments. Data
cluster mainly between the terrestrial fractionation line (TF) and the Young and Russell line (Y-R) with some data overlapping with ordinary
chondrite (OC) whole rock and unequilibrated enstatite chondrite (E3) chondrules. (b) Oxygen isotope ratios for olivine and pyroxene in
GRO 95551 chondrules and fragments. Data cluster mainly between the terrestrial fractionation line (TF) and the Young and Russell line (Y-
R) with some data overlapping with ordinary chondrite (OC) whole rock and unequilibrated enstatite chondrite (E3) chondrules. Fragment
C25 has O isotope ratios similar to R chondrites and C27 (large BO chondrule) has O isotopes ratios that plot on the TF line. (c) Oxygen 3-
isotope diagram comparing isotope ratios for the chondrules from NWA 5492 and those in GRO 95551. (d) Oxygen 3-isotope diagram with
average ratios for chondrules in NWA 5492 and GRO 95551 sorted by chondrule type. Type IB chondrules tend to have higher 8'%0 values

than type IA.

“G” chondrites and predict that more examples will be
found. The G is for GRO 95551-like chondrites, since
GRO 95551 was the first of this type of meteorite to be dis-
covered and described (e.g., Weisberg et al., 2001). Their
unique set of characteristics suggest that these meteorites
may represent a previously unsampled body from the aster-
oid belt. Oxygen isotope compositions that plot near the TF
line combined with lack of any evidence of hydrous alter-
ation and oxygen isotopic evidence of mixing between O
and E reservoirs, all suggest formation of the G chondrites
in the inner Solar System and thus, they may be analogues
of the materials that accreted to form the terrestrial planets.

4.3. Relationship of NWA 5492 and GRO 95551 to HH and
low-FeO ordinary chondrites

Ordinary chondrites more reduced than H chondrites
but with similar bulk Fe/Si ratios have been described as

a low-FeO OC group (Russell et al., 1998; Troiano et al.,
2011). A reduced, metal-rich ordinary chondrite group
(HH chondrites) was proposed for Netschaévo and linked
to the parental material of IIE irons (Bild and Wasson,
1977; Wasson and Wang, 1986; Wasson and Scott, 2011).
NWA 5492 is a unique chondrite, linked to GRO 95551
(Weisberg et al., 2012), which is both more metal-rich and
more reduced than H chondrites but with a similar sidero-
phile element pattern. Indeed, silicates in NWA 5492
(Fa<1%) are much more reduced than silicates in
low-FeO OCs (Fa 13-16; Russell et al., 1998; Troiano
et al., 2011), Netschaévo (Fa4; Bunch et al., 1970), or sili-
cates from IIE irons (Fa4.17; Wasson and Scott, 2011). This
is also seen in the Ni content of the metal: NWA 5492 (4.9-
5.4%) vs. Netschaévo (8.6%, Bunch et al., 1970), IIEs (7.2—
9.7% Bunch et al., 1970; Wasson and Scott, 2011) and H4-6
metal (8-10%; Kong et al., 1997). Another indication of the
state of reduction of the metal is provided by Ga
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Fig. 5. (a) A'O values for olivine and pyroxene in NWA 5492 and GRO 95551 chondrules compared to values for E3 chondrules and OC
whole rock, and showing considerable overlap between the values for all of these materials. Also included are the ranges of values for
chondrules in unequilibrated (LL3) ordinary chondrites (Kita et al., 2010) and chondrules R3 chondrite clasts (Kita et al., 2013). (b) Average
A0 values for NWA 5492 and GRO 95551 chondrules are similar and are sandwiched between the values for O and E chondrites. NWA
5492 and GRO 95551 have essentially no matrix component so their chondrule + fragment averages are essentially their bulk rock A0
values. Data for E chondrites are from Weisberg et al. (2011b) and ordinary chondrite averages are from Clayton et al. (1991).

abundances which are higher, closer to bulk H chondrite
abundances, than the Ga abundances (normalized to Ni
and CI) of equilibrated OC metal from H, L, or LL chon-
drites (Fig. 6a). This implies that the low Cr and V abun-
dances in the metal (a feature also shared by metal from
E chondrites) is due to sulfidation of the metal in NWA
5492 rather than due to oxidation (production of chromite),
consistent with a higher S content in NWA 5492 than in
EOC or CB/CH chondrites. We conclude that NWA 5492
is too reduced to be the parental material of IIEs or to be
grouped with Netschaévo as a member of a new HH chon-
drite group. The nature of the reductant for NWA 5492 and
GRO 95551 and its relationship to the H chondrite parent
body is not yet known.

4.4. Metal composition and relationship to the major
chondrite groups

NWA 5492 metal does not show the characteristic
enrichments of Au and As observed in EL and EH metal
(Fig. 3; Kong et al., 1997), but has a CI chondritic Au/Ni
ratio, a feature not shared by CR, CH and CB metal that
have sub-chondritic Au/Ni ratios. Fig. 6a shows bulk com-
positions from equilibrated H, L, and LL chondrites (Kong
and Ebihara, 1997) compared with metal from NWA 5492.
Also shown is the bulk H chondrite composition
(Teplyakova et al., 2012). The metal from ordinary chon-
drites forms a reduction sequence with the elements W,
Fe, Ga, and Mo, depleted relative to H chondrites in the
sequence LL metal > L metal > H metal > NWA 5492
metal. Metal from NWA 5492 has siderophile element
abundances that are nearly identical to H chondrite bulk
composition except that Ni, Pd, Fe and Au are ~10-15%

higher than most of the other siderophiles. Metal from
NWA 5492 lacks the W, Fe, and Ga depletion seen in metal
from H4-6 chondrites because it is more reduced.
Anomalies in Mo and Cu are due to partitioning into sul-
fides (Fig. 3).

To examine the reduction sequence further, the
(W/Ni)cp ratio is plotted against the (Fe/Ni)cp ratio in
Fig. 6b. On this plot, CI chondritic composition plots at
unity, CR metal (Kong et al., 1999) plots close by, while
bulk H chondrite plots to high (W/Ni)¢y ratio ~1.4 x CI,
with a chondritic (Fe/Ni)¢; ratio. Metal from equilibrated
LL, L, H, EL and EH metal plot along a trend of increasing
(W/Ni)c; correlated with (Fe/Ni)c; towards the bulk H
chondrite composition. Individual metal grains from
NWA 5492 plot on a vertical array with eight of the nine
nodules defining a constant (Fe/Ni)cr = 1.01 £0.02, but
exhibiting variable (W/Ni)¢y ratios from CI to H chondrite
composition. Because W is less siderophile than Fe at
T <1200 K (Humayun and Campbell, 2002) metamorphic
re-equilibration will cause the (W/Ni)¢; ratio to increase.
Bulk metal from unequilibrated ordinary chondrites exhi-
bits a (W/Ni)¢y ratio that is lower than that of metal from
equilibrated ordinary chondrites, and reduction of W from
the silicate matrix increases the (W/Ni)¢; ratio of metal dur-
ing equilibration (Humayun and Campbell, 2002).

4.5. Chondrules in NWA 5492 and GRO 95551 compared to
other chondrite groups

Chondrules in GRO 95551 are dominantly PP — Type 1.
In NWA 5492 PO and PP abundances are similar.
However, in both NWA 5492 and GRO 95551, the POP
textural type appears to be low in abundance.
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Table 5

Petrologic and oxygen isotopic characteristics of the G chondrites (NWA 5492 and GRO 95551) compared to those of other chondrite groups.

CI1 CM CO CV CK CR CH CB H L LL EH EL R K G
Matrix (vol.%) >99 607 34 35 50 42 57T <t 12 12 12 8 10 35 73 NF
CAIs abundance <<1 5 13 10 10 0.5 0.1 <<1 <<1 <<1 <<1 <<l <<1 NF <<1 NF
(vol.%)
Metal NF 0.1 1-5 NF-5 NF-5 47 22 60-80 10 5 2 10 10 01 M 23
abundance
(vol.%)
Average NF 03 015 910 870 700 20 200—10° 300 400 570 220 550 400 600 1000
Chondrule
diameter (pm)
Olivine +  + + + <147 1-3 2 2.5-4.1 1620 23-26" 27-32" 04 04 38 22  03-13

(mol% Fa)

A0 042 —229 —428 —4.00 —-4.15 -1.59 —-145 =229 0.77 1.11 1.22

—0.04 0.06 2.71 —1.55 0.50

NF - not found. M - metal is included in the matrix. Non-G chondrite data are from Rubin (2010) and Weisberg et al. (2008) and references

therein, Clayton et al. (1984, 1991, 1999), Weisberg et al. (2001).
* Highly variable.

*+ Matrix lumps.
* Averages are based on equilibrated meteorites.

Additionally, Type II chondrules, which are common in O
chondrites and rare but present in C chondrites, are not
found in NWA 5492 or GRO 95551. Thus, the chondrule
population in GRO 95551 and NWA 5492 differs from that
in O chondrites in which POP are 47-52% of all chondrules
(Gooding and Keil, 1981; Nelson and Rubin, 2002) and
type II chondrules represent ~50% of chondrules in O
chondrites (Kita et al., 2010). Type II chondrules are pre-
sent but less common (5-10%) in many C chondrites (e.g.,
Jones, 2012). In CO chondrites, type II chondrules make
up 20-25%. The dominance of Type I PP chondrules is sim-
ilar to that in E3 chondrites (e.g., Weisberg and Kimura,
2012). Additionally, the presence of daubréelite in some
chondrules is also like some chondrules in E3 chondrites.
However, no Si-bearing metal, oldhamite, niningerite or
albandite were found either inside or outside of the chon-
drules in NWA 5492 and GRO 95551 weakening a direct
relationship to E chondrite chondrules. Thus, the observed
combination of the abundances of chondrule textural types
and mineral assemblage are unique to NWA 5492 and
GRO 95551.

The section of GRO 95551 analyzed here is volumetri-
cally dominated by a large BO chondrule, which is superfi-
cially similar to the large BO chondrules of some CB
chondrites (e.g., Weisberg et al., 2001). Although unusually
large, this chondrule is compositionally and isotopically
similar to other chondrules in GRO 95551 and NWA
5492. Tts oxygen isotope composition falls on the TF line
and is similar to the isotopic composition of some EH3
chondrules.

Several porphyritic chondrules in NWA 5492 are unu-
sual in having a mesostasis of FeS and FeCrS or FeNi.
This suggests that sulfidation may have played a role in
the origin of these chondrules or they formed from melting
of sulfide and metal-rich precursors.

Oxygen isotope compositions of the chondrules cluster
between and overlap with E and O chondrites, with

chondrule averages for NWA 5492 and GRO 95551 very
similar to that of LL3 chondrules (analyzed by Kita
et al., 2010). Additionally, similar to LL3 chondrules, the
type IB chondrules in NWA 5492 and GRO 95551 gener-
ally have higher 8'80 values than type IA.

4.6. Lack of matrix in G chondrites

No matrix material was observed in NWA 5492 or GRO
95551. Absence of interstitial matrix is also a characteristic
of the CH and CB chondrites (e.g., Weisberg et al., 1995).
CH chondrites have matrix-like clasts but no matrix mate-
rial interstitial to the chondrules and metal. Meibom et al.
(2005) found that silicates in some impact melt areas in
the QUE 94411 CB chondrite are rich in Fe. They suggested
that these areas are the remnants of Fe-rich chondrite
matrix material that was once present in the CB chondrites,
and that was preferentially melted during impact heating.
The lack of interstitial matrix in the G chondrites (NWA
5492 and GRO 95551) could suggest an origin similar to
CB chondrites but from a different oxygen reservoir of
materials. Lack of matrix could be an indication of rapid
hot accretion as suggested by Metzler (2012). Metzler
(2012) found that ordinary chondrite breccias contain clasts
of what he termed cluster chondrites. These cluster chon-
drites have chondrules that show plastic deformation and
low abundances of matrix and are interpreted to have
formed by hot chondrules rapidly accreting after (and dur-
ing) chondrule formation. Rubin (2010) observed an
anti-correlation between matrix abundance and abun-
dances of radial pyroxene and cryptocrystalline chondrules
in chondrite groups. Rubin (2010) concluded that this rela-
tionship is related to the abundance of dust in local
chondrule-forming regions. This relationship may also be
related to the efficiency of heating of dust in
chondrule-forming environments. In summary, matrix
abundance varies widely among chondrite groups
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Fig. 6. (a) Siderophile element pattern of NWA 5492 metal compared with metal from equilibrated ordinary chondrites, CR chondrites and
bulk H chondrite composition (Kong et al., 1997, 1999; Kong and Ebihara, 1997; Teplyakova et al., 2012). (b) Reduction sequence in
equilibrated ordinary chondrite metal (Kong and Ebihara, 1997), E chondrite metal (Kong et al., 1997), compared with metal from NWA
5492, and CR chondrites (Kong et al., 1999). Netschaévo metal (Wasson and Wang, 1986; Wasson and Scott, 2011) is shown as the purple
arrow plotting to (W/Ni)¢; ~1.7-2.2. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

(Table 5) and may be an important parameter in under-
standing the evolution of chondrites. However, the cause
of this variation is not yet known.

4.7. Relationship between O, E, R and G chondrites
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There are several characteristics that O, E, R and G
(NWA 5492 and GRO 95551) chondrites have in common.
As discussed above there is considerable overlap in the oxy-
gen isotope ratios of O, E and G chondrules (Figs. 3 and 4).
Although R chondrites with their high AO values gener-
ally differ, material with R chondrite-like A'’O is present
in GRO 95551 (Fig. 4b) and a relict grain in a chondrule
from an EH3 chondrite has R chondrite oxygen isotope

ratios (Weisberg et al., 2011b). Additionally, chondrules
in unequilibrated R3 chondrite clasts have A0 values that
overlap the range of LL3 chondrite chondrules (e.g., Kita
et al., 2013). This suggests mixing of O, E, R and G precur-
sors during chondrule formation and/or during accretion
and/or similarities in their formation environments or the
processes experienced by their precursors.

E chondrites are characteristically known to have oxy-
gen isotope ratios as well as Cr, Ti, Ni and Zn stable isotope
compositions similar to the Earth and Moon (Javoy, 1995;
Warren, 2011; Paniello et al., 2012). However, Si isotopes
differ (Fitoussi and Bourdon, 2012; Savage and Moynier,
2013). Data for some chondrules in the G chondrites,
including the large BO chondrule in GRO 95551, as well



M. K. Weisberg et al. / Geochimica et Cosmochimica Acta 167 (2015) 269-285 283

as some chondrules in LL3 chondrites (Kita et al., 2010) are
also similar to the Earth-Moon A!’O values.

In O, E, R and G chondrites, refractory inclusions are
generally small and/or rare, compared to C chondrites.
No refractory inclusions have been identified in NWA
5492 or GRO 95551, except for rare Al-rich chondrules.
This may indicate that O, E, R and G chondrites formed
in a region of the Solar System that received a lower abun-
dance of refractory inclusions or that the refractory compo-
nent was more thoroughly mixed with chondrule precursors
during chondrule formation. This may point to O, E, R and
G chondrites forming in a region that is spatial or tempo-
rally separated from the C chondrites. The low dust (matrix
component) and higher abundance of chondrules in O, E
and G, relative to most C chondrites, may indicate that this
environment was more efficient in processing (melting and
possibly evaporating) dust to form chondrules than that
for the C chondrites, and/or more rapid (hot) accretion
times for the chondrules and other components in G chon-
drites (e.g., Metzler, 2012). However, the R chondrites,
which have a low abundance of chondrules as do the C
chondrites, are inconsistent with this hypothesis.
Additionally, Y 82094 is an unusual C chondrite-like mete-
orite with a low abundance of matrix (Kimura et al., 2014).

Another common feature of the O, E, R and G chon-
drites is that they are all relatively dry, compared to many
C chondrites, with the exception of CK, CH and CB chon-
drites. CH and CB chondrites are essentially dry but con-
tain hydrated matrix lumps (e.g., Greshake et al., 2002;
Ivanova et al., 2008). Although some hydrous minerals
have been identified in O and R chondrites, none have been
found in E or G. The amounts of hydrated materials in O
and R are very minor compared to C chondrites and no
0O, R, E or G chondrites are considered to be petrologic
type 2. The only exception among the E chondrites is the
presence of hydrated EC clasts in the Kaidun chondrite
breccia (Zolensky et al., 2014).

We conclude that there is a close relationship between
O, E, R and G chondrites. Many of their characteristics
suggest that they formed in a region separate from the C
chondrites. The oxygen (and other stable) isotopic similar-
ities to the Earth and Moon suggest a close relationship to
the terrestrial planets. The relatively dry nature of these
materials compared to C chondrites suggest they formed
inside of the snow line, relatively closer to the sun, where
water was primarily in the vapor phase, and ice did not
accrete to the parent bodies of these chondrites.

5. CONCLUSIONS

1. NWA 5492 and GRO 95551 are new metal-rich chon-
drites that are not related to CH or CB based on sidero-
phile element abundances and oxygen isotope
compositions. Their silicates are more reduced, their sul-
fides are more abundant and not intergrown with metal,
as in the CB chondrites.

2. Average compositions of metal in NWA 5492 and GRO
95551 are similar and are close to H chondrite metal.

3. Average oxygen isotope ratios of NWA 5492 and GRO
95551 components (chondrules and fragments), show a
range of compositions (A’O = —0.8%, to +3.0%,) with
most having A7O values >0%, sandwiched between the
values for whole rock enstatite and ordinary chondrites,
with small amounts of R chondrite-like material. The
average chondrule + fragment value of NWA 5492 and
GRO 95551 are interpreted to represent their whole rock
compositions.

4. The similarities in the oxygen isotope ratios of their com-
ponents strongly support a close relationship between
NWA 5492 and GRO 95551.

5. NWA 5492 and GRO 95551 represent a new type of
metal-rich chondrite and here are proposed to be the first
members of a new (G) chondrite group possibly repre-
senting a new chondrite parent body (asteroid).

6. Considerable overlap in oxygen isotope ratios between
0O, E, R and G chondrules, as well as relict grains of R
materials in E and G, suggest that there was considerable
mixing between these Solar System materials during
chondrule and parent body formation.

7. O, E, R and G chondrites are relatively dry and have
fewer, smaller CAls than C chondrites, but O and G
chondrites have Al-rich chondrules. This suggests that
the E, R, O and G chondrules were more extensively
processed, and the refractory components were inte-
grated into the chondrule population.

8.0, E, R and G chondrites are closely related Solar
System materials. Their isotopic similarities to Earth
and Moon and low abundance of hydrated minerals sug-
gest that they represent primitive materials from the
inner Solar System.
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