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Abstract

In order to clarify the origin of the eclogitic clasts found in the NWAS801 (CR2) chondrite (Kimura et al., 2013), especially,
that of the high pressure and temperature (P-T) condition (~3 GPa and ~1000 °C), we conducted ion microprobe analyses of
oxygen isotopes and rare earth element (REE) abundances in the clasts. Oxygen isotopic compositions of the graphite-bearing
lithology (GBL) and graphite-free lithology (GFL) show a slope ~0.6 correlation slightly below the CR-CH-CB chondrites
field in the O three-isotope-diagram, with a large variation for the former and almost homogeneous composition for the latter.
The average REE abundances of the two lithologies show almost unfractionated patterns. Based on these newly obtained
data, as well as mineralogical observations, bulk chemistry, and considerations about diffusion timescales for various ele-
ments, we discuss in detail the formation history of the clasts. Consistency of the geothermobarometers used by Kimura
et al. (2013), suggesting equilibration of various elements among different mineral pairs, provides a strong constraint for
the duration of the high P-T condition. We suggest that the high P—T condition lasted 10°~10* years. This clearly precludes
a shock high pressure (HP) model, and hence, strongly supports a static HP model. A static HP model requires a Moon-sized
planetary body of ~1500 km in radius. Furthermore, it implies two successive violent collisions, first at the formation of the
large planetary body, when the clasts were placed its deep interior, and second, at the disruption of the large planetary body,
when the clasts were expelled out of the parent body and later on transported to the accretion region of the CR chondrites. We
also discuss possible origin of O isotopic variations in GBL, and presence/absence of graphite in GBL/GFL, respectively, in
relation to smelting possibly occurred during the igneous process(es) which formed the two lithologies. Finally we present a
possible formation scenario of the eclogitic clasts.
© 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Recent studies suggest that differentiated meteorite par-
ent bodies formed before chondrite parent bodies based on
182Hf 182W chronology (Kleine et al., 2005, 2009; Qin et al.,
2008) and calculations of thermal history of planetesimals
assuming 2°Al as a heat source (Hevey and Sanders, 2006;
Ghosh et al., 2006). The eclogitic clasts found in the North-
west Africa (NWA) 801 CR2 chondrite show igneous tex-
tures, such as lath-shaped graphite and euhedral olivine
and orthopyroxene suggesting crystallization from melts
(Kimura et al., 2013). Hence, presence of such clasts in a
CR chondrite may also give further evidence that accretion
of the differentiated planetesimals predates that of primitive
chondrite parent bodies (Sokol et al., 2007; see also Abreu
(2013) for similar arguments for the omphacite-bearing
clast found in QUE 99177 CR3 chondrite).

The most significant feature of the clasts in the NWA
801 chondrite is the presence of a high pressure mineral
assemblage (garnet and omphacite), similar to the terres-
trial eclogite, suggesting their formation at 2.8-4.2 GPa
and 940-1080 °C (Kimura et al., 2013). Such an eclogitic
mineral assemblage has not been previously found in mete-
orites. Their mineralogical characteristics were reported in
detail by Kimura et al. (2013), but their origin has not yet
been clarified. Both static high pressure (HP) in a large
planetary body and impact-induced HP seem possible
based on the mineralogical study only.

Another distinct feature of the eclogitic clasts in NWA
801 is that they contain two distinct, graphite-bearing
(GBL) and graphite-free (GFL), lithologies. The only
achondrite group that contains graphite laths is ureilite.
Therefore, GBL may have some affinity to ureilites and
GFL possibly to primitive achondrites. Ureilites are consid-
ered to represent a mantle of a partially molten parent
body, from which basaltic materials might have been
mostly lost by explosive volcanism due to smelting which
produced abundant CO gas (Warren and Kallemeyn,
1992; Scott et al., 1993). Smelting may have also played
an important role for the formation of the two lithologies
in the present clasts.

Graphite-free clasts with igneous textures are rare but
sometimes found in chondrites (e.g., Sokol et al., 2007),
but graphite-bearing clasts are much rarer and only a few
were reported. Graphite-bearing xenoliths have been dis-
covered in Krymka (Semenenko and Girich, 1995;
Semenenko et al., 2005), which seem to be fragments of
metamorphosed carbonaceous chondrite. Igneous graphite
is present in enstatite chondrites (Rubin, 1997) and enstatite
achondrites (Lowe et al., 2005). Recently, a graphite-
bearing clast was found in QUE 99177 CR3 chondrite
(Abreu and Brearley, 2007; Abreu, 2013). This clast also
contains omphacite and these authors suggested the forma-
tion of this clast under high-pressure conditions. It con-
tained relict chondrules and was considered to be a
fragment of a metamorphosed carbonaceous chondrite.
The present eclogitic clasts in NWA 801, on the other hand,
do not contain such relict chondrules.

In order to better understand the origin of the eclogitic
clasts found in the NWA 801 CR chondrite, we have

conducted ion microprobe analyses of rare earth element
(REE) abundances and oxygen isotopes on selected miner-
als. The REE data would provide information about the
igneous processes on the parent body and O isotope data
would provide information about the source materials of
the clasts. In addition to these, diffusion calculations to
explain possible chemical or isotopic variations in the clasts
and to achieve equilibrium conditions for geothermo-
barometers would provide important constraints on the
timescale(s) of the heating event(s). Based on these, we
discuss the origin and formation history of the eclogitic
clasts in the NWA 801 chondrite, which may have signifi-
cant importance in understanding the early evolutionary
history of the solar system.

2. TECHNICAL

Abundances of rare earth elements (REEs) were mea-
sured using an ion microprobe (Cameca-1270 at the
National Institute of Advanced Industrial Science and
Technology, Tsukuba, Japan). An O  primary beam
(1-2 nA, ~25 um in diameter and 22.5 keV impact energy)
was used for the analysis. Secondary ions were accelerated
at 10 kV. Masses of 44 (**Ca), and 138-178 ('**Ba, '*’La,
40Ce  Mipy 12Ng Wiy 1S8Ry 18G4, 19Th, 19Dy,
165Ho, 1%Er, 1Tm, '"2Yb, '"*Lu and "®Hf) were analyzed
with a single EM collector using a peak jumping mode. The
analysis was performed at a low mass resolution (with fully
open the exit slit) using an energy offset of —60 eV (with an
energy slit width of 35 eV) to reduce interferences of com-
plex ions at REE peaks (Zinner and Crozaz, 1986;
Hiyagon et al., 2011). NIST 612 was used for the standard
to obtain sensitivity factors for REEs relative to Ca
(Table Sl(a) in an electronic annex). Abundances of REEs
were calculated assuming that the obtained signals were
combinations of REE ions (REE") and REE-monoxide
ions (REEO"). Predetermined production ratios of
REEO'/REE" were used for the calculation. The calcula-
tion procedure was slightly modified from those of Fahey
et al. (1987) and Hiyagon et al. (2011) due to smaller num-
ber of analyzed peaks. (Details of the present analytical
parameters in comparison with those in Hiyagon et al.
(2011) are described in Table S1(b) and Fig. Sl(a) to (d)
in an electronic annex.) The analyzed phases were chlorap-
atite, garnet, omphacite (Na—Al-rich pyroxene) and phlogo-
pite; olivine and orthopyroxene (opx) were not measured
because of their extremely low REE abundances suggested
by our preliminary analyses. Some of the analysis spots
contain multiple phases and the results for such spots must
be treated carefully (see Section 4).

Oxygen isotopic compositions of olivine and opx were
measured using an ion microprobe (Cameca ims-1280 at
the University of Wisconsin-Madison, USA). The analytical
conditions were basically the same as described in detail in
Kita et al. (2009, 2010). We applied relatively higher primary
Cs* beam intensities (~5nA with 15 um in diameter) in
order to obtain higher secondary intensities of three oxygen
isotopes (1°0 ~ 5 x 10°, 0 ~ 2 x 10%, *0 ~ 1 x 107 cps)
and high precisions in 3'%0 and §'70 (<0.3%. in 2SD).
San Carlos olivine was analyzed as bracketing standard
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and used for correction of instrumental bias during the
unknown analyses.

3. BRIEF DESCRIPTION OF THE SAMPLE
3.1. Two lithologies: GBL and GFL

Petrography and mineralogy of the eclogitic clasts found
in the NWA 801 were reported in detail in Kimura et al.
(2013). Here we briefly summarize some of the characteris-
tic features, which will be important in considering their
formation processes.

Backscattered electron images of the three clasts (#2, #3
and #6), probably different portions of a single clast, are
shown in Fig. I(a)~(d). Two distinct lithologies, graphite-
bearing lithology (GBL) and graphite-free lithology
(GFL), can be recognized. Clast #2 consists of both GBL
and GFL, while clasts #3 and #6 consist only of GFL
and GBL, respectively. The two lithologies in clast #2 are
well cemented together, suggesting that they assembled at
high temperatures and/or they were annealed for a long
time after the assembly.

3.2. Minerals
Enlarged views of GBL and GFL in clast #2 are shown

in Fig.2(a) and (b), respectively. Olivine, garnet, and
omphacite are common minerals in both GBL and GFL,

with minor amount of chlorapatite, Fe-Ni metal, troilite,
and pentlandite. Orthopyroxene (opx) is present only in
GBL, whereas phlogopite is present only in GFL. Olivine
(typical grain size: ~20 um in GBL and 20-40 pm in
GFL) is chemically very homogeneous (Mg# from 66 to
68, where Mg# = Mg/[Mg + Fe] atomic ratio). Most of
opx grains (~20 um in size) are nearly homogeneous
(Mg# 70-75), but a few coarse grains (50-80 um in size)
contain Mg-rich cores (Mg# 78-87), suggesting later
Fe-enrichment by diffusion.

Garnet (5-30 um in size) is nearly homogeneous, but
omphacite (5-15 um in size) is slightly variable in compo-
sition (Kimura et al., 2013). Chlorapatite (5-40 pm in
size) is present both in GBL and GFL, but slightly
enriched near the boundary of the two lithologies.
Lath-shaped graphite (~5um wide and up to ~25pum
long) is present in GBL (~1 vol.%) along grain bound-
aries and within olivine and opx, suggesting formation
from the melt.

Iron-Ni metal, troilite, pentlandite, and Fe oxides
(probably weathering products of the former two) are more
abundant in GFL than in GBL. Metal grains in GBL (typ-
ically ~10 pm in size) mostly occur as isolated grains and at
grain boundaries of silicate minerals, while those in GFL
(typically ~50 pum in size) mostly occur at grain boundaries,
and in some places they are interconnected with each other
to form channels or larger metal areas (up to ~200 pm in
size; Fig. 1(a)).

Fig. 1. (a) Back-scattered electron image of clast#2 (1.5 mm x 3 mm) in NWA 801 CR2 chondrite. It consists of two distinct lithologies:
graphite-bearing lithology (GBL; occupying ~10 vol.% on the lower left and upper right corners of the clast) and graphite-free lithology
(GFL; occupying ~90 vol.% in the central part of the clast). (b) Enlarged view of the lower-left corner of Fig. 1(a). Tiny, thin black grains in
GBL are graphite (see Fig. 2(a) for details). GBL is slightly fine-grained than GFL. The boundary between GBL and GFL (dotted line) is well
cemented. (c) Back-scattered electron image of clast#3 (1 mm x 0.8 mm). It consists only of GFL. (d) Back-scattered electron image of

clast#6 (1 mm x 0.7 mm). It consists only of GBL.



H. Hiyagon et al./ Geochimica et Cosmochimica Acta 186 (2016) 32-48 35

Fig. 2. (a) Back-scattered electron image of GBL (enlarged view). The boundary between GBL and GFL is shown as a broken line. Shown in
the figure are olivine (Ol; light gray), Ca-poor pyroxene (Opx; gray), omphacite (Omp; dark gray rimmed by yellow lines), graphite (G; black
elongated grains), garnet (Gar; rimmed by red lines) and chlorapatite (Ap; rimmed by orange lines). White grains are iron-nickel metal and
sulfide. Veins shown here are mostly iron oxide, which is probably of terrestrial weathering product. (b) Back-scattered electron image of GFL
(enlarged view). Olivine (Ol), omphacite (Omp), garnet (Gar; red lines) and phlogopite (Phlog; blue lines) are shown in the figure. White grains
are mostly iron-nickel metal and sulfide. Veins are mostly iron oxide. Chlorapatite is not seen in this area. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Estimate of the P—T condition using
geothermobarometers

A set of conventional geothermobarometers (7 formulas
for 4 mineral pairs of opx-clinopyroxene (cpx, or ompha-
cite), garnet-opx, garnet-cpx and garnet-olivine) were used
by Kimura et al. (2013) to estimate the P-T condition for
the formation of the clasts. All the obtained P-T relations,
expressed as lines with various slopes on the P-7 diagram,

pass through a narrow P-T range of 2.8-4.2 GPa and
940-1080 °C (Fig. 6 of Kimura et al., 2013), suggesting for-
mation of the clasts at this P-T condition. As will be dis-
cussed later, the consistency of geothermobarometers
strongly suggests that equilibration was nearly attained for
various elements among the mineral pairs at this high P-T
condition. This will give a strong constraint for the origin
of the high pressure and the formation process(es) of the
clasts.
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Table 1

Modal abundances of minerals in the two lithologies of clast #2 and clast #6.

Clast Lithology Olivine Garnet Opx Omphacite Phlogopite Chlorapatite
Modal composition, 100% normalized (vol.%)

#2 GB 63.5 2.8 23.1 9.7 0.0 0.8
#6 GB 65.7 22 21.2 9.4 0.5 1.0
#2 GF 70.8 1.3 0.0 14.8 12.2 1.0
Modal composition, 100% normalized (wt.%)

#2 GB 65.8 3.1 21.4 9.0 0.0 0.7
#6 GB 67.1 2.4 20.2 9.0 0.4 0.9
#2 GF 73.2 1.4 0.0 14.3 10.2 0.9

* Excluding opaques (metal, sulfide, iron oxide), weathered regions, graphite and holes.

Table 2
Chemical compositions (CI-normalized abundances) of the two lithologies in the clasts, CR chondrites, and selected achondirtes.
Si Ti Al Cr Fe Mn Mg Ca Na K P Cl
Clast #2 (GFL)" 1.75 5.36 1.87 1.77 0.97 0.97 1.69 1.31 1.63 10.27 1.40 1.42
Clast #2 (GBL)"" 1.88 0.69 0.95 1.36 0.97 1.05 1.76 1.12 0.99 <0.60 1.22 043
Clast #6 (GBL)"" 1.85 0.69 0.87 1.31 0.96 1.05 1.76 1.18 0.99 <0.60 143 0.57
CR (Renazzo)? 1.49 2.55 1.29 1.44 1.31 0.93 1.45 1.37 0.82 0.61 1.00 -
CR (average)? - - 1.46 1.41 1.26 0.85 1.41 1.49 0.65 0.54 - -
Acapulcoites 2.29- 0.93— 0.88— 0.90— 1.32- 1.38- 1.08— 0.97- 0.57- - -
(typical)® 3.90 1.88 1.99 1.41 1.46 1.56 1.69 1.45 1.15
Acapulcoites 1.84- 1.14- 1.11- 1.70- 1.03- 1.06— 0.95- 0.92— 0.74- - -
(primitive)® 3.44 1.18 1.22 1.93 1.20 1.47 1.48 1.10 1.31
Lodranites'*-®) 1.68— 0.83— 0.27— 0.62— 0.54- 1.11- 1.82— 0.75- 0.06— <0.65 - -
2.09 4.59 0.90 1.45 1.29 2.11 2.75 1.46 0.58
Ureilites” 1.77- 0.83 0.10- 1.21- 0.55- 1.34- 2.12- 0.74- 0.03— 0.03- 025 -
1.81 0.43 1.84 0.81 1.56 2.42 1.00 0.29 0.63

) Calculated from modal compositions of the two lithologies in the clast (Table 1) and average compositions of the constituting minerals

(Kimura et al., 2013). Opaque phases (Fe-Ni metal, sulfides, Fe-oxides, graphite) and holes are not included.

) Mason and Wiik (1962) (wet chemistry).
G) Kallemeyn et al. (1994) (INAA).
@ Patzer et al. (2004) (INAA).

) Mittlefehldt (2007) and references therein (compilation-INAA).

4. RESULTS
4.1. Bulk chemistry

Bulk chemical compositions of silicate part of the two
lithologies are calculated from their modal abundances of
minerals (Table 1) and average compositions of individual
minerals (measured by EPMA; Kimura et al., 2013) assum-
ing their appropriate densities. The results are listed in
Table 2 and plotted in Fig. 3, along with the data for CR
chondrites (Mason and Wiik, 1962; Kallemeyn et al.,
1994) for comparison. Also listed in Table 2 are the data
ranges for acapulcoites, lodranites and ureilites (Patzer
et al., 2004; Mittlefehldt, 2007 and references therein). Note
that the present data do not include opaque phases (Fe-Ni
metal, etc.) because of high abundance of weathering prod-
ucts, and hence, the real Fe abundance (and to some extent
those for other siderophile and chalcophile elements) must
be higher than shown here. In spite of this limitation, we
can still notice some important features of the two
lithologies.

Incompatible elements (Ti, K, Na, Al and Cl) are
enriched in GFL and depleted in GBL relative to the CI
composition, suggesting that GFL contains higher
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Fig. 3. Cl-normalized elemental abundances of GBL (clast#2 and
clast#6) and GFL (clast#2). Also shown for comparison is those of
CR chondrites. The data for GBL and GFL do not include opaque
minerals (Fe-Ni metal, sulfide, their weathering products and
graphite) and holes, so that the real Fe content (and to some extent
those of siderophile and chalcophile elements) must be higher than
shown here. Only upper limits are shown for K data of GBL. Data
sources: Mason and Wiik (1962) for Renazzo, Kallemeyn et al.
(1994) for average CR, and Anders and Grevesse (1989) for CI.
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Fig. 4. An FeO/MnO vs FeO/MgO diagram for silicate portions of
GFL and GBL. Also plotted are average CR chondrites
(Kallemeyn et al., 1994), data fields of various achondrites, and
the chondritic Mn/Mg range (3.9 x 107°-9.0 x 10~3; shown by
thin solid lines) (all the data plotted are bulk rock data; modified
after Goodrich and Delaney, 2000). The Mn/Mg ratios for GBL
(5.3 x 107%) and GFL (5.1 x 1073) of the NWA 801 clasts are well
within the chondritic range, and are similar to those for average
CR (5.4 x 107%), ureilites, and primitive achondrites (acapulcoites,
lodranites, winonaites and brachinites). (Recent data for individual
minerals of CR chondrite chondrules also show considerable
variation but within the chondritic Mn/Mg range; Berlin et al.,
2011; Schrader et al., 2015). Data of HED meteorites, lunar basalts
and martian meteorites, originated from highly differentiated
parent bodies, are plotted on far right of the chondritic region
due to higher Fe/Mg ratios resulted from extensive igneous
fractionations.

abundance of a melt (or a fluid) component but GBL is
depleted in such a component. This is consistent with the
igneous origin of the two lithologies suggested by miner-
alogical observations (Kimura et al., 2013).

In contrast, major elements (Si, Mg, Ca and possibly Fe)
are almost unfractionated both in GBL and GFL, and their
abundances are similar to those of CR chondrites (Fig. 3)
and primitive or typical types of acapulcoites (Table 2;
Patzer et al., 2004), but less fractionated than lodranites
or ureilites (Table 2; see also Fig. S2(a) and (b) in an
electronic annex).

Fig. 4 is a Fe/Mn vs Mg/Fe diagram (modified after
Goodrich and Delaney, 2000). The Mn/Mg ratios of the
two lithologies are well within the chondritic range and
are similar to those for CR chondrites, primitive achon-
drites and ureilites. On the other hand, evolved achondrites
(HED, Martian and Lunar meteorites) are plotted far right
of the chondritic region, because of the higher Fe/Mg ratios
resulted from igneous fractionations.

4.2. REEs

Rare earth element (REE) abundance patterns of various
phases in GBL and GFL are provided in Table 4 and shown
in Fig. 5(a) and (b), respectively. Note that some of the anal-
ysis spots contain multiple REE-bearing phases (see
footnotes in Table 3), and hence, corrections may be
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Fig. 5. (a) CI-normalized REE abundances in various minerals in
GBL. Error bars are two-sigma. (b) Those in GFL. (c) Bulk REE
abundances of GBL and GFL calculated from the present data
(Table 4) and modal abundances of minerals (Table 1). Bulk GBL
and GFL show almost flat REE patterns with the average
abundances of ~1.2 x CI and ~1.8 x CI, respectively, which are
not much different from that of CR chondrites (~1.5 x CI;
Kallemeyn et al., 1994).

required. For example, REE data for omphacite in GFL
(omphacite#2C) are corrected for a contribution from
garnet.

Phosphate (chlorapatite) is the major carrier of LREEs
in both GBL (~140 x CI) and GFL (~200 x CI), but
HREE abundances decrease gradually from Gd toward
Lu down to ~30 (GBL) or ~50 (GFL). In contrast, garnet
is the major carrier of HREEs and the abundances increase
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rapidly toward Lu up to ~20 x CI (GBL) or ~80 x CI
(GFL). Both chlorapatite and garnet show slightly different
REE abundance patterns between GBL and GFL, suggest-
ing REEs are not in complete equilibrium between the two
lithologies.

Bulk REE abundances of the two lithologies (calculated
from Tables 1 and 3) are shown in Fig. 5(c) and Table 4,
with those of CR chondrites (Kallemeyn et al., 1994) for
comparison. Both GBL and GFL show nearly flat (unfrac-
tionated) REE patterns with the average abundances of
~1.2 x CI and ~1.8 x CI, respectively, which are not much
different from those of average CR chondrites (~1.5 x CI).
Note that REE abundances in eucrites (i.e., evolved achon-
drites) are much higher (typically >10 x CI; e.g., Warren
and Kallemeyn, 1989; Barrat et al., 2000) and those in urei-
lites (considered to represent residual mantle) are much
lower (much less than 1 x CI; e.g., Shimizu and Masuda,
1986; Kitts and Lodders, 1998). The unfractionated nature
of REEs and P in the clasts makes a clear contrast with the
other incompatible elements, which show strong enrich-
ment in GFL or strong depletion in GBL. This suggests a
possibility that P and REEs (mainly contained in chlorap-
atite) became redistributed at least partially between GBL
and GFL in a later heating event.

4.3. Oxygen isotopes

Oxygen isotopic compositions of olivine and orthopy-
roxene (opx) in the clast #2 are given in Table 5 and shown
in Fig. 6. All the data are distributed along a line with a
slope of ~ 0.6 (0.63 +0.06 for all the data and 0.53
4+ 0.15 for GBL data only; 2SE) located slightly below the
fields of CR-CH-CB chondrites and the acapulcoite-
lodranite clan. The GFL data are tightly clustered at the
upper-right end of the distribution, whereas the GBL data

370 (%o)

580 (%o)

Fig. 6. Isotopic compositions of oxygen for olivine (OL) and Ca-
poor pyroxene (PX) in GFL and GBL in clast#2. Terrestrial
fractionation (TF) line and carbonaceous chondrite anhydrous
minerals (CCAM) line are shown for references (Clayton et al.,
1977). Also shown are the data fields of bulk CR chondrites,
acapulcoites (Acap), lodranites (Lod) and ureilites (Ure) (Data
sources: Clayton and Mayeda, 1996, 1999; Schrader et al., 2011,
2014).

are more scattered along the line. Note that the O isotopic
variation in GBL (within a <400 pm area) is even larger
than the whole variation of bulk acapulcoite-lodranite fields
(Clayton and Mayeda, 1996; Greenwood et al., 2012). No
clear correlation can be seen between the O isotopic compo-
sition and the distance from the GBL-GFL boundary
(see Fig. S3 in an electronic annex).

5. DISCUSSION
5.1. Constraints from the bulk chemistry of the clasts

Enrichment of incompatible elements such as Ti, Al, Na,
K and ClI (except for P and REEs) in GFL and their deple-
tion in GBL (relative to the CI composition) suggest that
the two lithologies have experienced gain or loss of a melt
(or a fluid) phase, respectively, during their formation.
However, major element abundances and Mn/Mg ratios
(and bulk REE patterns as well) for both lithologies show
almost no fractionation. This suggests that the igneous pro-
cess(es) which produced GBL and GFL was (were) rather
limited or localized one(s) and that planetary scale differen-
tiation did not occur on their parent body.

The two lithologies, GBL and GFL, must have been jux-
taposed before they experienced the high P-7 condition
(~3 GPa and ~1000 °C), because of their similarity in the
presence of common high pressure minerals (garnet and
omphacite) in spite of their difference in chemistry, mineral-
ogy and oxygen isotopic composition. (The terms GBL and
GFL here and in the next subsection are used for the two
igneous lithologies before formation of garnet and ompha-
cite at the high P-T condition.) It should be noted that the
clear distinction between the two lithologies must be pre-
served during the high P-T event. This suggests that exten-
sive melting did not occur during the formation of the high
pressure minerals.

Phosphorus and REEs, whose major carrier is phos-
phate (chlorapatite), show almost no fractionation both in
GBL and GFL (Figs. 3 and 5(c)). Because of their strong
incompatibility, they must have been highly fractionated
like other incompatible elements in the igneous process
(es) which formed the two lithologies. The lack of large
fractionation suggests that P and REEs were redistributed
between GBL and GFL in a later heating event, either a
high P-T event which formed the eclogitic clasts, or a later
metamorphic event possibly occurred at a low pressure. As
will be discussed in Section 5.4.3, a later metamorphic event
is highly unlikely, so redistribution of P and REEs most
likely occurred during the high P-T event.

5.2. Origin of GBL and GFL: possible role of smelting

The difference of the two lithologies, esp., presence or
absence of graphite in GBL and GFL, respectively, must
have been established before the high P-T event in which
garnet and omphacite formed. Here we examine a possibil-
ity that smelting may have played an important role for the
formation of the two lithologies.

Ferrous silicates are vulnerable to smelting in the pres-
ence of carbon at magmatic temperatures (e.g., Walker



Table 3

Concentrations of REEs and Ba in the Clast#2.

GFL GBL

Apatite#1 Apatite#2B Garnet#2B Omphacite#2B Phlogopite#2B Mixed phase Apatite#4 Garnet#1B Omphacite#2C™"
Concentrations (ppm)
Ba 86+ 7 84 +7 8.0+1.2 32405 420 + 34 94+12 68+ 6 0.89 +0.22 3.3+0.6
La 47 +2 43+2 0.08 +0.08 0.09 £ 0.06 0.16 £0.11 20+04 3942 0.18 £0.07 0.58 £0.12
Ce 110 £ 11 97 £10 0.12+0.11 0.154+0.09 0.13+0.11 44+0.7 90+ 9 0.50 +0.14 0.72 £ 0.16
Pr 17+2 1542 <0.06 0.05+0.05 <0.11 0.65 £ 0.20 13+2 0.05 £ 0.04 <0.07
Nd 87+8 76 £7 <0.22 <0.35 <0.52 37+ 1.1 75+7 0.33+0.24 <0.23
Sm 2345 21+4 <0.25 <0.37 <0.31 0.88 £0.82 18+4 0.30 +0.24 0.34 +0.34
Eu 7.6+ 1.1 78 +1.2 <0.16 0.10+0.10 <0.98 0.18 £0.17 77+13 0.11 +0.08 <0.20
Gd 25+8 2448 0.31+£0.13 0.25+0.15 0.16 £0.02 1.8+1.3 18+9 1.1+0.7 0.15+0.14
Tb 3.7+£03 3.1+£0.3 0.18 £0.18 0.13 £0.09 0.01 £0.01 0.14 £0.05 26+0.3 0.28 £0.10 0.13+£0.08
Dy 27+3 2343 1.3+1.0 0.50 £ 0.38 0.45+0.64 24+0.7 17+2 25+0.8 0.87 £0.89
Ho 51407 42+0.7 1.1+0.8 0.13 £0.07 0.04 £0.08 0.46 £0.25 33+0.6 0.69 £0.24 0.27+£0.20
Er 1342 8.8+19 5.0+2.6 0.36 £0.22 0.05+0.05 1.6 £0.6 72+£2.0 2.7+0.7 0.88 +0.47
Tm 2.0+0.2 1.6 +0.2 1.2+0.1 0.04 + 0.01 <0.02 0.36 £0.04 0.8+£0.2 0.48 £0.05 0.16 £0.02
Yb 89+34 73+34 1243 0.43 £0.34 0.76 £ 0.56 24+1.0 57+33 28+0.9 1.01 £ 0.60
Lu 1.2+0.6 0.7£0.5 1.9+0.5 <0.11 <0.07 0.57+£0.24 0.8+0.5 0.41 +£0.20 0.29 +£0.16
CI-normalized abundances’®
Ba 37+3 36 £3 34+05 1.4+0.2 182+ 15 41+0.5 2943 0.4 +0.1 1.4+£0.3
La 203 £ 10 184 £ 10 0.3+0.3 04+0.3 0.7+0.5 88+1.5 168 £ 10 08+0.3 25405
Ce 178 + 18 157 +£ 16 02+0.2 02+0.1 0.2+0.2 72+1.1 144 + 15 08+0.2 1.2+03
Pr 185 +£22 158 £20 <0.6 0.6 +0.5 <1.2 7.0+22 145+ 19 0.6 +0.4 <0.7
Nd 191+ 17 167 + 16 <0.5 <0.8 <1.1 8.1+24 163 £ 16 0.7+0.5 <0.5
Sm 160 + 32 144 + 30 <1.7 <2.5 <2.1 6.0+5.6 125 +£28 20+ 1.6 23423
Eu 138 +21 144 + 22 <2.7 1.8+ 1.8 <18 33+3.1 142 +23 20+1.4 <3.8
Gd 128 +£42 120 £ £42 1.6 +0.7 1.3+0.8 0.8+0.1 93+6.5 90 + 43 57+3.6 0.7+0.7
Tb 105 4+ 10 88+9 5.0+5.0 3.6+2.6 04+0.3 40+14 7249 79+29 3.5+24
Dy 112+ 14 98 +13 5.6+43 21+1.6 1.9+2.7 9.9+3.0 72+ 10 11+3 3.7+£3.7
Ho 91+ +13 75+ 12 20+ 14 23+13 0.7+14 82+45 59 +11 12+4 48+3.6
Er 82+ 15 54+ 12 31+ 16 22+14 03+0.3 9.8 +3.7 44+ 12 16 £4 55+29
Tm 86+9 67+8 51+£5 1.9+0.3 0.6 +04 153+1.5 35+7 2042 6.6 +0.7
Yb 55+ 21 45 +21 75+ 16 27+2.1 3.2+3.0 150+ 64 35+20 17+6 6.2+3.7
Lu 51423 29 4+ 21 80 +21 <4.6 <3.2 24+ 10 33421 17+8 12+7

¥ CI abundance by Anders and Grevesse (1989). Errors are 2c.
“ Large error due to high BaO contribution.

" Approximate composition: apatite (55%), omphacite (11%), olivine (34%).

" Approximate composition: garnet (55%), omphacite (32%), apatite (6%), olivine (7%).
*** Approximate composition: olivine (50%), omphacite (40%), garnet (10%).

*
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Table 4

Bulk compositions of the two lithologies in the Clast #2.

Concentrations in ppm

Cl-normalized abundances

GFL GBL GFL GBL
Ba 44.1+3.5 0.79 £ 0.05 19.1+1.5 0.34 +£0.02
La 0.45+0.03 0.33 £0.02 1.96 +0.11 1.41 +0.07
Ce 1.03 +£0.10 0.70 £ 0.06 1.66 £0.16 1.12£0.10
Pr 0.17 £0.02 0.10 £0.01 1.81+£0.22 1.05+0.13
Nd 0.80 +0.09 0.53 +0.05 1.76+0.20 1.17£0.12
Sm 0.22 £ 0.07 0.16 +0.03 1.524+0.48 1.11 +0.22
Eu 0.10 £ 0.08 0.06 +0.01 1.84 +£1.53 1.18 £0.18
Gd 0.29 £ 0.08 0.16 £ 0.06 1.44 £0.39 0.80+0.32
Tb 0.06 +0.01 0.03 £ 0.00 1.57 £0.39 0.92 +0.13
Dy 0.384+0.09 0.23 £0.04 1.58 £0.38 0.97 £0.17
Ho 0.08 +0.02 0.06 +0.01 1.50+£0.33 1.00 +0.19
Er 0.25+0.05 0.16 £ 0.03 1.53+0.33 1.01 £0.18
Tm 0.043 + 0.003 0.026 + 0.002 1.81+0.12 1.10 +0.08
Yb 0.37 £0.08 0.17 £0.04 225+0.52 1.03+0.25
Lu 0.05 +0.01 0.04 £0.01 1.93+£0.59 1.55+£0.37
Average of REEs 1.79 £ 0.12 1.16 +0.07
* Errors are two sigma.
Table 5
Oxygen isotopic compositions” of olivine and orthopyroxene in the clast #2.
Lithology Post# Mineral 180 (%o) 170 (%o) A0 (%0)
GBL #1 Orthopyroxene 3.70+0.32 —0.07 £ 0.41 —1.99 +£0.32
#6 Olivine 433+£0.32 0.21 £0.41 —2.04+£0.32
#5 Olivine 2.534+0.32 —0.97 £ 041 —2.28 £0.32
#2 Orthopyroxene 2.90 £0.32 —0.74 £ 0.41 —2.2540.32
#3 Olivine 2.434+0.32 —0.56 +0.41 —1.82+0.32
#7 Olivine 4.12+0.32 0.10 £ 0.41 —2.04+£0.32
#8 Olivine 3.59 £0.32 —0.17 £ 0.41 -2.03+0.32
#9 Olivine 434 +£0.32 0.04 +£0.41 —2.22+0.32
GFL #13 Olivine 479 £0.45 0.65 £ 0.50 —1.84+£0.27
#14 Olivine 5.04 £0.45 0.78 £ 0.50 —1.84+£0.27
#16 Olivine 4.86+0.45 0.71 £0.50 —1.82+0.27
#17 Olivine 5.21+£0.45 0.78 £ 0.50 —-1.93+0.27
#18 Olivine 498 £0.45 0.69 £ 0.50 —1.90 £0.27
#19 Olivine 4.76 £ 0.45 0.55+0.50 —-1.93+£0.27
#20 Olivine 494 +£0.45 0.71 £0.50 —1.86 +£0.27
#21 Olivine 5.04 £0.45 0.81 +0.50 —1.81 +0.27

- .
Errors are 2 sigma.

and Grove, 1993). The smelting reaction may be written as:
FeO (silicates) + C (graphite) —» Fe (metal) + CO (gas).
Since a gas phase appears only on the right-hand side, this
reaction is highly pressure sensitive, that is, the reaction is
suppressed at elevated pressures and promoted at lower
pressures. The reaction is also dependent on FeO activity
in silicates. The presence of graphite in GBL having an
igneous texture, therefore, indicates that GBL formed at
relatively high pressures (but not necessarily as high as
~3 GPa), where smelting was suppressed. The minimum
pressure to prevent smelting can be calculated using the
experimentally determined relation between Mg# of
silicates (olivine or opx) and pressure as given by Walker
and Grove (1993) (Fig. 7). If we take Mg# = 67 (average
Mg# of olivine in both GBL and GFL), a minimum

pressure of ~12 MPa is obtained. However, the presence
of Mg-rich cores (with Mg# up to ~87) in large opx grains,
which is consistent with igneous zoning, suggests that Mg#
was ~87 or higher when GBL formed. Hence we obtain a
minimum pressure of ~6.5 MPa (for Mg# = 87) or lower.
The obtained pressures, <~6.5 MPa or ~12 MPa, corre-
spond to the central pressures of planetesimals with
<~60 km or ~90 km in radii, respectively, assuming mean
density of 3000 kg/m?® (Walker and Grove, 1993). Hence,
we speculate that GBL formed at a deeper region of a
relatively large planetesimal. Note that the fraction of
graphite in GBL (~1 vol.%) is much lower than those in
ureilites (up to 6.9-8 wt.%; Yamamoto et al., 1998; Smith
et al., 2001). This may indicate that the initial C abundance
of the source material for GBL was lower, or alternatively,
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Fig. 7. Experimentally determined relation between Mg# of
silicate crystals (olivine and opx) as a function of confining
pressure at ~1200 °C for graphite + metal + gas-saturated assem-
blages (after Walker and Grove, 1993). For Mg# of 67 (average
Mg# for olivine), we obtain ~12 MPa for the start of smelting (i.e.,
smelting occurs at a pressure of <12 MPa). For Mg# of 87 (highest
Mg# in the cores of large opx grains), we obtain ~ 6.5 MPa for the
start of smelting.

C was partially consumed during some degree of smelting
occurred in GBL, or both.

The lack of graphite in GFL may be interpreted in two
ways. (1) GFL formed at a shallow region of a planetesi-
mal, where smelting easily occurred and graphite became
completely consumed to form CO and lost. This, however,
seems unlikely, because a melt-component-rich material
like GFL must have been extensively lost from the parent
body by explosive volcanism just like the case for ureilites
(Warren and Kallemeyn, 1992; Scott et al., 1993). Hence,
smelting may not be the cause for the lack of graphite in
GFL. (2) Smelting never occurred in GFL due to absence
of graphite in GFL. A possibility is transformation of
originally contained carbon (organic or inorganic) into an
oxidizing form like carbonate due to aqueous alteration
before the igneous process that formed GFL, though car-
bonate formation is a rather slow process (Alexander
et al., 2015). Another possibility is that the precursors of
GFL and GBL were a chondrule-like material (containing
no C) and a matrix-like material (containing C), respec-
tively, just like a case of relict chondrules and matrix in
the omphacitic clast of QUE 99177 (Abreu and Brearley,
2007; Abreu, 2013). This idea, however, seems inconsistent
with the observation that phlogopite (implying former pres-
ence of H,O) is only present in GFL but not in GBL.

At present, there is no evidence of smelting in the
present clasts. The fact that we have GFL, a melt-
component-rich material, in the clasts would indicate that
explosive volcanism, if present, was not so extensive in
the planetary body of GBL and GFL.

5.3. Shock HP model vs static HP model
In our petrographic and mineralogical study (Kimura

et al., 2013), two possible origins are suggested for the high
pressure (HP) condition of the clasts: a shock HP model

and a static HP model. First, we briefly discuss characteris-
tic features of the two models and their advantages and
problems to explain the present observations.

5.3.1. Shock HP

Shock-induced HP is a good candidate, because numer-
ous collisions between planetary bodies must have occurred
during the solar system formation. However, a shock HP
model have the following problems to explain the present
observations.

(1) The estimated formation pressure of the clasts
(~3 GPa) is unusually low compared with the typical
HP reported for shock melt veins in meteorites
(typically >20 GPa; e.g., Xie et al., 2001; Xie et al.,
2006a,b; Ohtani et al., 2004; Baziotis et al., 2013).
A possibility is that the estimated P-T condition of
the clasts is a transient one attained during the P-T
path after the shock. The idea of a transient P—7 con-
dition, however, seems contradictory to the consis-
tency of the geothermobarometers, which in
principle require a long enough time for equilibration
of various elements among mineral pairs (see discus-
sion below).

(2) A crucial problem of a shock HP model is the short
duration of the high P-T condition. The duration
of the shock 7 is approximately given by the collision
speed v and the impactor diameter d as ©=d/v
(e.g., Gillet and El Goresy, 2013). If we assume a
large impact event with v = 5 km/s (typical collision
velocity for the asteroid belt; Bottke et al., 1994)
and d = 50 km, 7 is calculated to be 10 s. In fact, typ-
ical HP durations for the shock melt veins in mete-
orites are estimated to be milliseconds to at most a
few seconds (e.g., Langenhorst and Poirier, 2000;
Ohtani et al., 2004; Beck et al., 2005; Xie et al.,
2006a). Hence, a typical T may be ~10 s or less. This
makes it difficult to form large high pressure minerals
(e.g., ~30 pm-sized garnet) and to attain equilibrium
conditions for various geothermobarometers.

(3) Homogenization of Fe/Mg ratios in olivine and most
of opx (except for large opx grains) may not be
possible during a short heating duration of the shock.
Hence, another heating event, possibly a later meta-
morphic event at a low pressure, must be invoked
in the shock HP model. Redistribution of P and
REEs might also occur during this event. However,
redistribution of various elements during a low
pressure event would reset the geothermobarometric
systems to indicate a low pressure.

5.3.2. Static HP

In a static HP model, it is assumed that the clasts were
once placed deep interior of a large planetary body. In this
case, it is easy to satisfy a long enough duration for the high
P-T condition. As discussed by Kimura et al. (2013), it
requires a Moon-sized planetary body of ~1500km in
radius to attain ~3 GPa near its center (Walker and
Grove, 1993; Hartmann, 2005). Although such a large
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asteroid is not observed in the current solar system, it is
possible that it once existed but was later disrupted in the
early solar system (see also Abreu, 2013), because it is a nat-
ural consequence that successively larger planetary bodies
formed, or disrupted, through numerous (violent) collisions
in the evolutionary processes from planetesimals to planets
(e.g., Chambers, 2004; Bottke et al., 2006; Kokubo and Ida,
2012). A question for the static HP model is how the clasts
were placed deep interior of a large planetary body and how
they were excavated out of the planetary body.

5.4. Diffusion timescales for various elements

In our previous paper (Kimura et al., 2013), we prelim-
inarily conducted diffusion calculations to explain the
observed distribution of Fe/Mg ratio in olivine and opx.
Here we present the results of our detailed calculations
not only for Fe-Mg diffusion but also diffusion of O and
other elements during various processes possibly occurred
in the formation of the clasts. (See Table S4 in an electronic
annex for summary of the present calculations.)

We assume a mineral grain to be approximated by a
sphere with radius a, and we compare it with a typical
diffusion length L N(Dt)l/ 2 of a diffusing species, where D
is the diffusion coefficient and ¢ is the heating duration.
We assume that equilibrium would be attained if
(Dt)l/2 > a, but not attained if (Dt)l/2 <a.

5.4.1. Formation of garnet within a shock-melt

First, we consider a formation condition for large garnet
grains (up to ~30 pm size) during a shock. Here we assume a
case that the clasts became partially molten by shock heating
and garnet formed in a silicate melt. The rate limiting pro-
cess for garnet formation is probably diffusional transport
of Al due to its lower diffusivity compared with other
elements. Assuming that a shock-melt was kept at 1500 °C
for t ~ 10 s and the diffusion coefficient of Al in a silicate
melt Day to be ~6 x 107" m?/s (Zhang et al., 2010; see
Fig. 8), a diffusion length of Al is estimated to be ~24 um,
which is larger than the grain radius of garnet (¢ ~15 um).
(Note, however, that this estimation has uncertainties due
to complex pressure dependence of D, in silicate melts;
see e.g., Watson and Baxter, 2007.) Hence, formation of
30 um-sized garnet may be possible even within a short
duration of a shock. However, it is kinetically unlikely that
only large garnet grains, instead of numerous micrometer-
sized ones, were formed in the shock melt. In fact, the
observed high pressure minerals in shock-melt veins in mete-
orites are generally of micrometers to submicrometers in size
(e.g., Ohtani et al., 2004; Xie et al., 2006a).

In a static HP model, the heating duration would be
long enough and large garnet grains may be safely formed.
For example, some laboratory experiments show that
~10 um-sized garnet grains were formed within 187 h at
1000°C and the grain size became even larger
(50-100 pm) at higher temperatures (Konzett et al., 2012).

5.4.2. Fe—Mg diffusion in olivine and orthopyroxene
Olivine is chemically very homogeneous (Mg# = 66—68)
throughout the clasts, both in GBL (a¢ ~10 um) and GFL
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Fig. 8. Selected diffusion data (mostly at one atmospheric pressure)
for various elements in minerals and melts used in the present
discussion. Data sources: Al diffusion in basalt melt and andesite
melt by Chen and Zhang (2009) (CZ 09) and Zhang et al. (1989)
(Z 89), respectively, compiled by Zhang et al. (2010); Mg-Fe
diffusion in olivine by Dohmen et al. (2007) (D 07); Mg self-
diffusion in opx by Schwandt et al. (1998) (S 98); Mg—Fe diffusion
in opx by Ganguly and Tazzoli (1994) (GT 94); Mg and Ca
diffusion in garnet at 1 GPa by Carlson (2006) (C 06); oxygen
diffusion in olivine by Dohmen et al. (2002) (D 02).

(a ~20 um). Most of opx (typically a ~10 pm) is also nearly
homogeneous (Mg# = 70-75), but some coarse grains
(a ~25-40 um) have Mg-rich cores (up to Mg# = 87).
Heating conditions to explain these features can be esti-
mated using diffusion calculations.

First, we consider a case for low pressures (~1 atm).
For olivine, assuming the Fe-Mg diffusion coefficient
Dre Mgolivine at  1000°C  to  be ~1x 10" m?/s
(Chakraborty, 1997, Dohmen et al., 2007; see Fig. 8), a
heating duration is calculated to be >10 years at 1000 °C.
For opx, assuming Dgemgopx at 1000°C to be
~1 x 107" m?%/s (Ganguly and Tazzoli, 1994; Schwandt
et al., 1998; Fig. §), a heating duration must be >30 years
to homogenize completely Mg# in most of opx grains
(a ~10 um) but must be <200 years not to homogenize
completely Mg# in large opx grains (a ~25-40 pm). Hence,
the heating duration is estimated to be from 30 to 200 years.
This heating duration automatically satisfies the heating
duration to chemically homogenize olivine (>10 years).

Second, we consider a case for high pressures (~3 GPa).
Diffusion coefficient at a high P-T condition (Dpr) is
related to that at ‘zero pressure’ and the same temperature
(D1) by the following equation: Dp 1= Dt X exp(—PV,/
RT), where R is the gas constant and ¥/, is the activation
volume (Béjina et al., 2003; Watson and Baxter, 2007).
The Fe-Mg diffusion coefficient in olivine at ~3 GPa and
1000 °C is estimated to be ~2 x 107" m*/s using V, = 5.3
x 107 m> mol™! (Holzapfel et al., 2007). This gives a
heating duration of >60 years. Unfortunately, pressure
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dependence is not known for Fe-Mg diffusion in opx, but if
we assume a P-dependence similar to that for olivine, we
may obtain Dge mgopx at ~3 GPa and 1000 °C to be
~2 x 1072° m?/s. This gives a heating duration for opx to
be from ~140years to ~900 years, or more roughly
~10°-10? years (considering large uncertainties in the pre-
sent estimation). Note that this calculation is too simple
and another source of uncertainty comes from diffusion
during heating to or cooling from the maximum tempera-
ture (~1000 °C), which would reduce the real heating time
to some extent (depending on heating/cooling rates)
(see e.g., McCoy et al., 1991).

5.4.3. Equilibrium condition for geothermobarometers

Conventional geothermobarometers are based on
P- and T-dependent partitioning of various elements
between different mineral pairs, such as, Ca—Mg exchange
in the M2 sites between the two pyroxenes, Fe” —~Mg parti-
tion between garnet and common coexisting minerals (opx,
clinopyroxene (cpx) and olivine), octahedral AI*" content
in opx coexisting with garnet, and so on (e.g., Krough
Ravana and Paquin, 2003). The formulas to estimate the
P-T conditions also include various corrections for minor
element concentrations in minerals. Hence, equilibration
of various elements (Fe, Mg, Ca, Al, Cr, Na, etc.) must
be attained among these mineral pairs for the correct esti-
mation of the P-T condition (see Table S5 in an electronic
annex). In the case of the present clasts, all the geothermo-
barometers consistently indicate the formation condition
within a narrow P-T range of 2.8-4.2 GPa and 940-
1080 °C. This suggests that equilibration was nearly
attained for various elements among these minerals at this
high P-T condition. The important point is that not only
the temperature (~1000°C) but also the pressure
(~3 GPa) must be maintained for a duration sufficient to
equilibrate these elements among the mineral assemblage
at this high P-T condition.

We have already estimated the diffusion timescales for
Mg-Fe in olivine and opx to be 10>-10° years at 1000 °C
and ~3 GPa. This estimation is also applicable to the
equilibrium condition for the geothermobarometers using
olivine and opx as important mineral components. A ques-
tion is whether or not the estimated high P-T duration
(10>-10° years) satisfies equilibrium conditions for other
elements in different minerals.

The Ca-Mg interdiffusion coefficient at 1000 °C in
clinopyroxene (cpx) is estimated to be ~6 x 1072*m?%/s
using the data for diopside obtained at ~2.5 GPa (nearly
the same high P condition of the clasts; Brady and
McCallister, 1983). Using this value and the typical grain
radius (¢ ~7.5pm), the diffusion timescale for Ca in
omphacite (cpx) is calculated to be ~3000 years. Using dif-
fusion coefficients of Mg, Fe, Mn and Ca in garnet at 1 GPa
(e.g., ~1 x 1071 m?%/s for Mg to ~2 x 1072° m?/s for Ca;
Carlson, 2006) and their P-dependence (e.g., V,
~8.6 x 107°m>* mol™! for Mg, ~9.8 x 107 m’ mol™! for
Ca; Carlson, 2006), diffusion timescales in garnet
(a ~15 pm) at 1000 °C and 3 GPa are calculated to be from
~400 years (for Mg) to ~2000 years (for Ca). The diffusion
timescales for Ca in omphacite (~3000 years) and in garnet

(~2000 years) are apparently longer than the high P-T
duration estimated above (10>-10° years). Note, however,
that there are still considerable variations among the exist-
ing Ca diffusion data in cpx (Zhang et al., 2010, and refer-
ences therein) and in garnet (Vielzeuf et al., 2007, and
references therein). Note also that garnet and omphacite
are new minerals formed during the high P-T event by
decomposition of preexisting minerals (probably plagio-
clase and diopside) plus some reactions with olivine and
opx. Furthermore, a small amount of a melt phase is also
suggested during this high P-T event. In such a case, equi-
libration between the growing minerals (garnet and ompha-
cite) and surrounding melt will be more easily attained than
the above estimation. Hence, we may conclude that a dura-
tion of 10°-10° years is a good estimation for the high P—T
event.

An important inference from this calculation is that a
later metamorphism (at a low pressure) is unlikely for the
homogenization process of Fe/Mg ratios in olivine and
most of opx. This is because heating at a low pressure
would destroy consistency of the geothermobarometers.
At a low pressure, the diffusion coefficients of Mg and Fe
in garnet ((2-3) x 107" m%/s; Carlson, 2006) are even
higher than those in opx (~1 x 107" m?/s; Ganguly and
Tazzoli, 1994; Schwandt et al., 1998). Therefore, if
Fe-Mg homogenization occurred in olivine and opx at a
low pressure, it must have occurred in garnet too. This
means that the geothermobarometric systems using
garnet-olivine, garnet-opx, and garnet-cpx pairs would be
completely reset to indicate a low P condition, which how-
ever is not the case. Hence, we conclude that a late meta-
morphic event is highly unlikely.

In summary, the high P-T condition (~1000°C and
~3 GPa) most likely lasted for 10°>~10° years in the forma-
tion of the present clasts. This clearly precludes a shock HP
model, and hence, strongly supports a static HP model.
During this high P-T event, the high pressure mineral
assemblage (including garnet and omphacite) formed,
olivine and most of opx became chemically homogenized
(except for cores of large opx grains), and P and REEs were
redistributed between GBL and GFL.

5.4.4. Diffusion timescale for oxygen and possible origin of its
isotopic variation

The calculations below are based only on diffusion data
at one atmospheric pressure, because P-dependence is not
well known for O diffusion (e.g., Kushiro, 1983; Shimizu
and Kushiro, 1984; Bryce et al., 1999; Reid et al., 2001).
However, due to large difference in diffusion timescales of
O and Fe-Mg (see below), the arguments may be valid even
at ~3GPa. Assuming Doolivine at 1000°C to be
~6 x 1073 m?/s (Dohmen et al., 2002; Fig. 8), the time-
scale for O diffusion in olivine (¢ ~10 pum) is calculated to
be ~5 x 10*years. This timescale is by far (about 2-4
orders of magnitude) longer than the timescales for Fe—
Mg diffusion in olivine (>10years) and in opx
(30-200 years) at 1 atm. This suggests that the O isotopic
variation originally present in GBL would not be affected
by a later heating event that homogenized the Fe/Mg ratios
in olivine and most of opx. Alternatively, if the O isotopic
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variation in GBL was produced in a later heating event, the
Fe/Mg ratios even in large opx grains would have become
completely homogenized, which is inconsistent with the
observations. Hence, we conclude that the O isotopic vari-
ation in GBL must have been established before the high P—
T event, in which Fe/Mg ratios in olivine and most of opx
became homogenized. The presence of phlogopite in GFL
suggests that labile oxygen in the form of H,O may have
once existed in the clasts (in GFL). In such a “wet” condi-
tion, diffusivity of oxygen may be enhanced by a factor of
~10 for olivine (Costa and Chakraborty, 2008) and possi-
bly also for pyroxene (for diopside; Farver, 1989; Ingrin
et al., 2001). However, such an effect reduces the timescale
for O diffusion only by a factor of ~10, i.e., still 1-3 orders
of magnitude longer than that for Fe-Mg diffusion. Hence,
the above conclusion would not be changed even in a “wet”
condition.

Now we consider two possible models for the origin of
the O isotopic variation in the clasts, esp., in GBL. The first
possibility is that the O isotopic variation is the pristine
one, which has not been completely erased by the igneous
process(es) that formed GBL (and GFL). This may be pos-
sible if the degree of partial melting was very small and the
heating duration was not long enough to homogenize O iso-
topic composition. The observed O isotopic variation may
be related to similar variations seen in the data field of
CR-CH-CB chondrites. Note, however, that the variation
is extremely large considering the small area of the analysis
(~400 pm area in GBL; see Fig. S3 in an electronic annex).

The second possibility is that the O isotopic variation
was produced by the smelting reactions possibly occurred
in the formation region of GBL. If smelting occurred par-
tially and heterogeneously (possibly due to heterogeneous
distribution of graphite), various degrees of O isotopic frac-
tionation might be produced in silicates due to O isotope
partitioning among CO gas, silicate minerals and a silicate
melt. (Among them, O isotopic fractionation between the
latter two may be very small; e.g., Eiler, 2001.), Removal
of isotopically heavier CO (e.g., Onuma et al., 1972) would
result in isotopically lighter O in silicates (Fig. 9). This is
consistent with the observed slope for GBL data (0.53
4+ 0.15; 2 SE), which is not different from the expected slope
(~0.5). (If we include GFL data, however, the slope for all
the data, 0.63 +0.06, becomes slightly larger than the
expected one.) Various degrees of smelting would result in
various degrees of silicate reduction, and hence, various
Mg# in silicates, which, however, would have been com-
pletely erased in a later high P-T event (except for large
opx grains). In this model, the initial O isotopic composi-
tion of the precursor of GBL must be located somewhere
on or beyond the upper-right end of the GBL data field
(see Fig. 9), possibly very close to the present GFL compo-
sition. In such a case, the precursor materials for GBL and
GFL may have a common O isotopic composition located
somewhere close to the present GFL composition, i.e., near
the lower left end of the ureilites field. This may suggest
some genetic relationships between the two.

A problem for the latter model, however, is that the
smelting reaction (and possibly explosive volcanism) must
be rather extensive in the parent body to produce such a

Source material of
GBL and GFL

8180 (%o)

Fig. 9. A possible model for explaining the observed oxygen
isotopic compositions of GBL and GFL (see text). It is assumed
that smelting occurred partially and heterogeneously in GBL but
never in GFL. Oxygen isotopes were partitioned between CO gas
and silicates during smelting. Since the former had heavier O
isotopic composition than the latter, loss of CO gas would result in
various degrees of O isotopic fractionation in silicates. The
precursor material for GBL must be located somewhere on the
upper right end of the GBL data field, possibly close to the position
of the present GFL. However, this model requires extensive
smelting reactions (and possibly explosive volcanism) in the parent
body of the clasts to produce such a large isotopic variation.

large O isotopic variation. If this is the case, a melt-
component-rich material like GFL must have been exten-
sively lost from the parent body and may not be easily found
(see arguments in Section 5.2). This makes the latter model
less likely, though not impossible. If the former model is the
case, the O isotopic variation is pristine, suggesting that the
precursor material of the clasts is more closely related to
CH-CB-CR chondrite groups than ureilites.

5.5. Comparison with the clast in QUE 99177 chondrite

There are some similarities and differences between the
present clasts and the clast recently found in QUE 99177
(CR3) chondrite (Abreu and Brearley, 2007; Abreu, 2013).
Both of them contain omphacite and lath-shaped graphite,
as well as olivine and low Ca pyroxene, as common miner-
als. Graphite in the latter is much more abundant
(~6.4 vol.%) and larger (up to ~70 pm long) than those in
the present clasts (~1vol.% and up to ~25 um, respec-
tively). Omphacite in the NWA 801 clasts is chemically more
homogeneous, Na-rich, and Ca-poor compared with that in
the QUE 99177 clast (mole fractions (%) of enstatite-
ferrosilite, diopside-hedenbergite, jadeite and kosmochlor
components are 19, 47, 34 and 10 on average for the former,
and 11-40, 51-73, 2-31 and 0.2-3.8 for the latter). Garnet
and metal are present in the former but absent in the latter.
Phlogopite is only present in the former (in GFL), while
amphibole is only present in the latter. It is also argued that
the QUE clast was formed at high pressure conditions based
on the unit cell volume of omphacite (Abreu, 2013). Unfor-
tunately, there are no REE or O isotope data on the QUE
clast available at present, so we can only make comparisons
based on mineralogical and chemical data.
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The QUE clast contains relict chondrules and a
~200 pm-sized olivine grain, suggesting its origin as a meta-
morphosed carbonaceous chondrite-like material (Abreu,
2013). In contrast, the NWA 801 clasts contain no relict
chondrules and show more homogeneous texture within
each lithology. It is interesting to note that the QUE clast
also contains a graphite-bearing region (matrix) and
graphite-free regions (relict chondrules), which is analogous
to GBL and GFL in the NWA 801 clasts, respectively.
However, this analogy may not be valid, because phlogo-
pite (implying former presence of H,O) is only present in
GFL but not in GBL. Failure of this analogy and some
of the differences given above (esp., absence of garnet in
the QUE clast) seem to indicate different formation condi-
tions for these two clasts.

5.6. Collisions between large planetary bodies

The estimated duration for the high P-T condition
(~3 GPa and ~1000 °C) is in the order of 10°-10° years.
This timescale is much shorter than that for planetary
growth (10°-10° years; Chambers, 2004; Chambers et al.,
2010; Kokubo and Ida, 2012), that for heating by 2°Al
decay (mean life of ~10° years) or that for cooling of plan-
etesimals (>10° years for >10 km-sized bodies; e.g., Hevey
and Sanders, 2006). This may imply rather catastrophic
event both at the beginning and at the end of the high
P-T condition. We speculate the following scenario. First,
a violent collision between ~1000 km-sized bodies occurred
and formed a large planetary body of ~1500 km in radius,
when the clasts were placed near its center and kept at
~3GPa and ~1000°C. Second, after 10>-10° years,
another violent collision occurred, which disrupted the
planetary body, and the (eclogitic) clasts were expelled
out of the planetary body and quenched. (Rapid cooling
is also suggested by mineralogical considerations, e.g.,
survival of omphacite with a high-temperature structure;
Kimura et al., 2013.) Later on, the clasts were transported
to the accretion region of CR chondrites. Hence, two suc-
cessive violent collisions might occur within a short time
(10>-10° years).

If this is the case, we have to consider the effect of shock
HP produced by such violent collisions anyway. If a plane-
tary body is non-porous, the effect of the collisional heating
would be confined to extremely localized fractions of the
planetary body, and globally averaged temperature increase
would be only a few K (Keil et al., 1997), or at most 50 K
even for a 1000 km body (Love and Ahrens, 1996). Note
also that high pressure minerals in shocked meteorites are
observed only within the shock-melt veins but not in the
unmelted regions, suggesting that not only high P but also
high T is necessary for the formation of high pressure min-
erals. This may explain at least partly the lack of the shock
features in the clasts. Another possibility is that pre-existing
fractures or voids might result in very heterogeneous energy
deposition of the shock within the parent body
(e.g., Asphaug et al., 1998), and hence, some fractions of
the parent body material could survive without a large
effect of the shock. Further studies are required to better
understand the processes of such a large collisional event.

5.7. A possible scenario for the history of the eclogitic clasts

Below we present a possible scenario for the formation
history of the eclogitic clasts in the NWA 801 chondrite.

1. The accretion time of the parent body (or bodies) for
GBL and GFL may be sometime close to ~2 My after
CAI formation, when enough (but not too much) heat
source (*°Al) was present for partially melting the parent
body (Hevey and Sanders, 2006; Ghosh et al., 2006).
(Other heat sources, such as shock-heating, may also
be possible, and in such a case, the formation time of
the two lithologies cannot be well constrained.)

2. The two lithologies, GBL and GFL, formed through
limited or localized melting in (a) parent body (bodies).
GBL is depleted in a melt (or fluid) component, while
GFL is enriched in it. A planetary-scale differentiation
did not occur on their parent body (bodies). Considering
similarities in GBL and GFL (e.g., both show almost
unfractionated REE patterns, chondritic Mn/Mg ratios,
and oxygen isotopic ratios plotted on the same correla-
tion line), it seems more plausible that GBL and GFL
formed in different regions (depths) of the same
planetesimal.

3. The O isotopic variation in the clasts (in GBL) may be
generated by O isotope partitioning between silicates
and the CO gas during smelting possibly occurred
heterogeneously in GBL. In this case, the source mate-
rial might have an O isotopic composition similar to that
of the present GFL. Alternatively, it may be inherited
from the source materials with highly heterogeneous O
isotopic compositions.

4. After the parent body (bodies) of GBL and GFL cooled
and solidified, numerous collisions formed regolith lay-
ers on the surface of a planetesimal, and fragments of
GBL and GFL were buried next to each other. The plan-
etesimal grew larger and the two lithologies became
loosely sintered.

5. A large collision between two large planetary bodies
(~1000 km in size) resulted in formation of a large
planetary body of ~1500 km in radius. At the same
time, the clasts were placed near its center, where the
high P-T condition (~3 GPa and ~1000°C) was
attained.

6. During heating near the center of the large parent body,
decomposition of the preexisting minerals (including pla-
gioclase and diopside) and formation of the high pres-
sure mineral assemblage (garnet and omphacite) took
place in the clasts. During this time, Fe/Mg ratios in oli-
vine and most of opx (except for large grains) became
homogenized, but heterogeneity in O isotopic composi-
tion in GBL was not erased. Also, redistribution of
P and REEs partly occurred between the two lithologies.

7. After 10>-10° years, another violent collision disrupted
the large planetary body. Fragments of the eclogitic
clasts were transported from deep interior out of the
planetary body, which resulted in rapid cooling of the
clasts. We speculate that these violent collisions proba-
bly occurred during an active stage of the planetary
growth after dissipation of the solar nebula.
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8. Finally, fragments of the eclogitic material, ejected from
the disrupted large planetary body, were transported to
the accretion region of the CR parent body (bodies). This
happened at least later than ~3 Ma after CAI formation,
which may be constrained by the ages of the CR chon-
drules (Nagashima et al., 2014; Schrader et al., 2013).

6. CONCLUSION

Based on newly obtained results of O isotopes and REE
abundances, as well as the data of bulk chemistry, geother-
mobarometers and available diffusion coefficients, we
discuss in detail the origin and formation history of the
eclogitic clasts found in the NWA 801 (CR2) chondrite.
The fact that the geothermobarometers consistently indi-
cate a high P-T condition (~3 GPa and ~1000 °C)
provides a strong constraint for the formation condition
of the clasts, because it implies equilibration of various
elements among different minerals at this high P-T condi-
tion. Based on diffusion calculations, the duration of the
high P-T condition is estimated to be 10°-10* years. This
clearly precludes a shock HP model, and hence, strongly
supports a static HP model. During this high P-T condi-
tion, the high pressure mineral assemblage (garnet and
omphacite) formed, olivine and most of opx became chem-
ically homogenized, and redistribution of REEs and P took
place in the clasts. A static HP model requires a Moon-sized
planetary body with a radius of ~1500 km to achieve a
pressure of ~3 GPa near its center. In this model, two suc-
cessive violent collisions are inferred; first, at the formation
of the large planetary body, and second, at the disruption of
the planetary body after 10°-10° years. The present eclogi-
tic clasts would provide a precious example for the igneous
activities in planetesimals, frequent vigorous collisions and
disruptions of large planetary bodies, and transportations
and mixing of materials in different regions during an active
stage of the planetary formation.
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