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Abstract-We found a large (~2 mm) compound object in the primitive Yamato 793408
(H3.2-an) chondrite. It consists mostly of microcrystalline material, similar to chondrule
mesostasis, that hosts an intact barred olivine (BO) chondrule. The object contains euhedral
pyroxene and large individual olivine grains. Some olivine cores are indicative of refractory
forsterites with very low Fe- and high Ca, Al-concentrations, although no '°O enrichment. The
entire object is most likely a new and unique type, as no similar compound object has been
described so far. We propose that it represents an intermediate stage between compound
chondrules and macrochondrules, and formed from the collision between chondrules at low
velocities (below 1 m s™') at high temperatures (around 1550 °C). The macrochondrule also
trapped and preserved a smaller BO chondrule. This object appears to be the first direct
evidence for a genetic link between compound chondrules and macrochondrules. In
accordance with previous suggestions and studies, compound chondrules and
macrochondrules likely formed by the same mechanism of chondrule collisions, and each

represents different formation conditions, such as ambient temperature and collision speed.

INTRODUCTION

Ordinary chondrites (OC) are dominated by up to
80 vol% chondrules. The mafic chondrules typically
consist of olivine, pyroxene, and opaque phases such as
metal, sulfide, and spinel. These phases are set in a
glassy or  fine-crystalline, so-called  mesostasis.
Chondrules have a complex formation history: in the
canonical view of chondrule formation, a chondrule
precursor aggregate was briefly heated to up to
>2000 K, melted, and solidified subsequently in minutes
to hours (Hewins et al. 2005).

Chondrules were open systems during their molten
stage and interacted with their surrounding nebular gas
(e.g., Tissandier et al. 2002; Libourel et al. 2006;
Marrocchi and Chaussidon 2015; Friend et al. 2016;
Piani et al. 2016; Soulié et al. 2017; Ebel et al. 2018;
Barosch et al. 2019). The open system scenario is
further supported by Marrocchi et al. (2018, 2019) and

Libourel and Portail (2018), who suggested that
refractory forsterites (RF)—olivines with high Ca,Al-
and very low Fe-concentrations—formed from
crystallization and interaction with the surrounding gas.
The latter, however, is in conflict with the interpretation
of Pack et al. (2004), who suggested that these
refractory olivines originated from a common reservoir,
that is, RF are basically xenolithic in chondrites.
Compound chondrules formed when a chondrule
collided and fused together with another chondrule,
fragment, or other object (Wasson et al. 1995; Arakawa
and Nakamoto 2016, 2019). Such chondrule collisions
might have also led to macrochondrule formation (e.g.,
Weyrauch and Bischoff 2012). Macrochondrules are
similar in texture and composition to regular chondrules,
only significantly larger (i.e., >5 mm in maximum
dimension; Weisberg et al. 1988). They typically contain
abundant coarse-grained olivines, while low-Ca pyroxene
is often only a minor constituent—a difference to regular
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An unusual compound object in Y-793408 (H3.2-an)

chondrules. The mesostases of chondrules as well as
macrochondrules are mostly feldspathic. Bridges and
Hutchison (1997) report identical oxygen isotope
compositions for macrochondrules and normal chondrules
in the same meteorite. The O-isotope compositions of OC
chondrules are usually '®O-poor and range from
approximately +2 to +5%, in 8'’O and +4 to +7%, in 3'*0
(Scott and Krot 2014). It has been proposed that
compound chondrules and macrochondrules represent
various stages and/or ambient conditions of chondrule
collisions, for example, macrochondrules possibly formed
through collisions between molten chondrules that fully
merged and grew into the exceptionally large
macrochondrules (Weyrauch and Bischoff 2012; Bischoff
et al. 2017; Bogdan et al. 2019). However, no unequivocal
evidence for this relationship between compound and
macrochondrules has so far been reported.

Ordinary chondrites occasionally contain another
group of large objects with diameters above 5 mm. These
clasts (Bridges and Hutchison 1997) represent a highly
diverse group: they range from clearly xenolithic,
chondritic fragments (e.g., impact melt clasts) to
chemically fractionated objects with mineralogies and
bulk compositions different from most chondrules.
Therefore, these are often related to planetary
differentiation processes (Hutchison et al. 1988; Bischoff
et al. 1993; Bridges et al. 1995; Ruzicka et al. 1995;
Bridges and Hutchison 1997; Sokol et al. 2007; Terada
and Bischoff 2009; Rubin et al. 2017; Yokoyama et al.
2017; Crowther et al. 2018). Impact melt clasts represent a
large subgroup of clasts and likely formed when objects
from as small as chondrules up to as large as
planetesimals collided. They commonly represent a
different chondrite group than their host chondrites. For
example, Herd et al. (2013) described an impact melt clast
in the Peace River L6 chondrite that formed from LL-
group chondritic material. A similar object was described
in NWA 5764—a brecciated LL6 chondrite—that
contains L4 clasts (Gattacceca et al. 2017). H chondrite
melt clasts were detected in L (Hutchison et al. 1988) and
LL chondrite hosts (Corrigan et al. 2015). Bischoff et al.
(2006, and references therein) list melt clasts of various
origins and formation histories. Impact melt clasts
typically have microporphyritic textures, dominated by
euhedral to subhedral olivine phenocrysts (e.g., Lunning
et al. 2016). Pyroxenes are only observed as admixed relict
grains (Metzler et al. 2011), although Fe-rich glasses of
plagioclase and pyroxene-normative compositions occur
frequently (e.g., Lunning et al. 2016). Many impact melt
clasts completely lack any metal and sulfides (Metzler
et al. 2011; Corrigan et al. 2015; Crowther et al. 2018).

Atypical objects in chondrites that are either
xenolithic, rare, and/or otherwise different from the
common chondritic assemblage can provide unique, and
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in cases even pivotal clues to understand processes in
the protoplanetary disk, such as chondrule formation.
Here, we study a large, 2 mm-sized fragment in the
H3.2-an chondrite Yamato 793408, which has been
described as being among the least equilibrated H
chondrites by Kimura et al. (2002). This fragment has a
peculiar texture and mineralogy and contains a well-
preserved barred olivine (BO) chondrule.

METHODS
Electron Microprobe

Mineral analyses were obtained with the electron
microprobe (EMP) JEOL 8900RL at the Institute of
Geology and Mineralogy, University of Cologne. The
accelerating voltage was set to 15 kV and the beam
current to 20 nA. The ZAF algorithm was used for
correction (Bence and Albee 1968). Cathodoluminescence
images were taken with a black and white detector
mounted on the EMP. Backscattered electron images
were also taken with the EMP.

Oxygen Isotope Analyses Using Secondary Ion Mass
Spectrometry

We measured the oxygen isotope compositions with a
CAMECA IMS 1280 at CRPG-CNRS (Nancy, France).
%07, 70", and 'O ions produced by a Cs" primary ion
beam (~15 mm, ~4 nA) were measured in multicollection
mode with two off-axis Faraday cups (FC) for '*'*0" and
the axial FC for 7O To remove '°OH" interference on
the '"O” peak and to maximize flatness atop the '°0O” and
80" peaks, the entrance and exit slits of the central FC
were adjusted to obtain mass resolution power of ~7000
for 70", A slit #1 (MRP = 2500) was used with the
multicollection FC detectors. The total measurement
times were 240 s (180 s measurement + 60 s pre-
sputtering). We used five terrestrial standard materials
(San Carlos olivine, magnetite, glass, clinopyroxene, and
diopside) to define the instrumental mass fractionation
(IMF) line for the three oxygen isotopes and correct the
instrumental mass fractionation due to the matrix effect
for the olivine, clinopyroxene, and glass. Typical count
rates obtained on the San Carlos olivine standards were
2.5 x 10° cps for 10, 1.0 x 10° cps for 170, and 5.4 x
10° cps for 'O. The 20 errors were ~0.2%, for §'%0,
~0.4%, for 3'70, and ~0.8%, for A'’O (A'7O representing
the deviation from the TFL, A'70 = §'70-0.52 x 5'%0).

p-Raman Spectroscopy

Raman spectra were obtained with a confocal
Horiba HR800 Raman spectrometer equipped with an
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Olympus BX41 microscope in 180° backscatter
geometry and an EM-CCD detector at the Institute of
Geoscience at the University of Bonn, Germany.
Analyses were performed with a He-Ne laser
(632.81 nm) with about 100 mW laser output power, a
100x objective, a 600 grooves/mm grating, a confocal
hole of 500-1000 um, and a spectrometer entrance slit
width of 100 pm, yielding a spectral resolution of
approximately 3.5 cm~'. Prior to analysis, the
spectrometer was calibrated with an Si standard.
Spectra of samples were then measured for 3 x 10 s,
their relative intensities were corrected with a white light
source, and a fifth-order polynomial was fitted for
background subtraction.

RESULTS
Petrography

Figure 1 displays the Y-793408 section. The
unusual compound object is the largest object (~2 mm)
in the section. It is metal-free and hosts a BO chondrule
of about 1 mm in diameter (Fig. 2). In the following,
we discriminate between the BO chondrule inclusion
and the surrounding host object. The mesostasis of the
BO chondrule and the mesostasis of the host object
appear to be identical. Both are fine-grained (nm to
~10 um-sized), eutectic intergrowths of feldspar,
pyroxene, silica, and a few tiny spinels (Fig. 3). Some
BO chondrule olivines have inclusions of mesostasis-like
material that sometimes even show the same mineral
intergrowths as the mesostases (inset b in Fig. 2). All
olivines are fractured and have subhedral to rounded
shapes. The olivines in the host object are up to
~500 pm long, ~200 um wide, and seem to free-float in
its mesostasis. Most clinopyroxenes occur along the
border of the host object and some are free-floating in
its mesostasis. They sometimes also grew onto the
olivines as well as onto the border of the BO chondrule.
The pyroxenes are euhedral to subhedral and often
show sector zoning and the typical pyroxene cleavage
along [110] (Fig. 2). The mesostasis in the host object
appears to have domains, in which the tiny minerals are
oriented in the same direction. The center of the host
object and the center of the BO chondrule have visible
and highly localized porosities (Fig. 2).

Element Compositions of the Minerals in the Compound
Object

Table 1 lists representative major and minor
elements of all minerals in the compound object. All
olivines—no matter whether these occur in the host
object or are part of the BO chondrule—are zoned with

J. Barosch et al.

BSE image of
Y-793408

2 mm

Fig. 1. BSE image overview of the Y-793408 thin section
studied. The unusual compound object and three additional
chondrules are shown in the boxes. We analyzed the O-isotope
compositions of their mineral phases.

respect to several elements: FeO has the most
prominent zonation from as low as 0.8 wt% in the
olivine cores to up to 8.3 wt% at their rims. Some of
the individual olivines have CaO (~0.9 wt%) and Al,O3
(~0.2 wt%) concentrations typical of RF (Steele 1986;
Pack et al. 2004). Some of these olivines are CL-active
—also typical of RF—for example, the two forsterites
shown in inset a of Fig. 2. Unlike the other olivines,
these forsterites are unzoned and have very low FeO
concentrations of 0.2 wt%.

The pyroxenes are clinopyroxenes and are always
zoned, with sometimes textbook-like developed sector
zoning (Fig. 2). The oxides SiO, and MgO have higher
concentrations in the pyroxene cores and lower
concentrations at the rims (SiOs.core-rim: 53.5-48.1 wt%;
MgOcorerim: 21.1-16.3 wt%). Inverse to this zonation,
Al,O3, CaO, Cr,0;, and TiO, are depleted in the cores
and enriched at the rims (Al,Oscore-rim: 3.2-10.2 wt%;
CaOcorerim: 19.0-20.5 wt%; Cr03_core-rim: 1.0-1.6 wt%;
TiOs corerim: 0.4-1.4 wt%). FeO (~1.9 wt%) and MnO
(~0.2 wt%) do not show any zonation. The chemical
compositions of other pyroxenes with less developed
zonations range between the two extremes of the
pyroxene. All pyroxenes have a fassaite component with
AlLO3 ranging between 2.9 and 10.2 wt%. The FeO-
concentration in these is low, between 1.8 and 2.0 wt%.

The fine-crystalline material in the host object’s
mesostasis and the mesostasis of the BO chondrule are
compositionally identical: both are high in SiO, (51 wt
%), Al,O3 (22 wt%), and CaO (14 wt%) and low in
MgO (7 wt%) and FeO (2 wt%).
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Fig. 2. BSE image of the compound object. Inset (a) is a CL image. The white cores in two olivines (white arrows) are indicative
of refractory forsterites with very low Fe- and high Ca, Al-concentrations. The mesostasis (mes) in the CL-image is very bright
due to the abundant presence of feldspar. Inset (b) shows the inclusion in a BO chondrule olivine. The texture and composition
of this inclusion is identical to the mesostasis. Clinopyroxene shows sector zoning and [110]-cleavage (see close-up in inset c).
White arrows in the center of the host object as well as the BO chondrule point at porosities.

Fig. 3. BSE image enlargement of BO chondrule mesostasis.
Mesostases in BO chondrule and host object appear to be
petrographically and chemically identical.

Silica Is Quartz in the BO Mesostasis and Cristobalite in
the Host Object’s Mesostasis

The silica polymorphs in the fine-crystalline
mesostases of BO chondrule and host object are

different—despite otherwise almost identical
petrographic and petrologic characteristics of both
mesostases. The silica in the BO chondrule is quartz,
while the silica in the host object is cristobalite.
Representative  p-Raman  spectra of the silica
polymorphs in the respective mesostases are displayed
in Fig. 4.

Mineral O-Isotope Compositions

We measured the O-isotope compositions of the
mineral phases in the compound object and three
additional chondrules (Table 2; cf. Fig. 1). Figure 5a
displays the results from the compound object. The
370 compositions of the BO chondrule olivines are
systematically shifted to lighter values by—on average—
0.8%,, and compared to the individual olivine grains in
the host object. The porphyritic pyroxenes in the host
object are lighter than all olivines in the host object, in
both 870 and 'O, and by—on average—about 1%,
Both mesostases span a surprisingly large range,
although most analyses fall roughly in between the
olivine and pyroxene compositions of the host object.
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Intensity (arbitrary unit)

VAR A
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Fig. 4. Representative Raman spectra of SiO, phases in the host object’s mesostasis and the BO mesostasis identified as
cristobalite and quartz, respectively. For reference spectra of alpha-quartz, the reader is referred to Scott and Porto (1967),
Etchepare et al. (1974), and Nasdala et al. (2004) and for cristobalite to Etchepare et al. (1978). Asterisks mark Raman bands
originating from laser scattering of adjacent feldspar and clinopyroxene grains.

The O-isotope compositions of all minerals in the
compound object are similar or slightly shifted to
lighter compositions when compared to OC bulk O-
isotope compositions. The opposite is observed for the
O-isotope compositions of all minerals in the three
other chondrules studied: all of these are shifted to
slightly heavier compositions when compared to OC
bulk O-isotope compositions. However, within the
error, these are almost identical. The olivines in the
three other chondrules are always lighter by a few
permil than the pyroxenes, while the mesostasis has a
roughly similar composition as pyroxene. This is a
similar pattern as in the compound object. One olivine
grain in chondrule 6 has a very light composition of
—6.49%, in 870 and —6.71%, in 8'%0 (inset in Fig. 5b).

DISCUSSION

Unusual objects, such as xenolithic clasts, are rare
and highly diverse constituents of OCs (e.g., Bischoff
et al. 2006, 2019). Their unusual and, in cases, unique
properties often prohibit assigning these to known
formation processes and places of origin. This means,
studying these objects allows insights to processes and
mechanisms in the early solar system that are otherwise
concealed. The compound object we studied here is

particularly interesting, as it appears to be of a new
type. To our knowledge, no similar large, mesostasis-
and refractory-rich object, hosting an intact BO
inclusion, has been described before. In the following,
we discuss the characteristics, origin, and evolution of
the Y-793408 compound object, and compare it to other
rare and unusual objects in chondrites, in particular to
macrochondrules and impact melt clasts.

Mineralogy, Structure, and Petrography of the Y-793408
Compound Object

The compound object is a fragment and must have
originally been significantly larger. Based on its shape, it
was likely round and up to twice its current size, with
an  original diameter of ~5mm. As both
macrochondrules (Weyrauch and Bischoff 2012) and
xenolithic clasts (Bridges and Hutchison 1997) are
frequently fragmented, the broken nature of the
compound object is no indication of its origin.

The occurrence of an intact BO chondrule found
inside the compound object is particularly remarkable
and distinctive. An equally rare clast hosting a BO
chondrule was found in the Y-793241 (L6) chondrite
(Prinz et al. 1984). However, this clast has a Brachina-
like, Ca,Al-poor mineralogy with no individual, large
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Table 2. O-isotope composition of chondrule and host
object minerals.

J. Barosch et al.

Table 2. Continued.  O-isotope
chondrule and host object minerals..

composition  of

Phase Location Point 8180 2se. 3870 2se.  Phase Location Point 8180 2se. 870  2se.
Olivine Host-obj 1 6.26 0.29 493 0.39 Olivine chd 21 60 0.93 0.95 2.28 0.99
Olivine Host-obj 2 4.64 0.29 3.14 043 Pyroxene  chd 21 61 444 0.85 331 1.10
Olivine Host-obj 3 497 0.29 3.01 0.40 Pyroxene  chd 21 62 3.90 1.16 293 1.33
Olivine Host-obj 4 592 0.29 4.19 0.39 Pyroxene chd 21 63 2.19 0.84 2.14 1.20
Olivine Host-obj 5 6.63 0.29 426 041 Mesostasis chd 21 64 343 0.82 470 0.94
Olivine Host-obj 6 5.14  0.29 344 041 Mesostasis  chd 21 65 425 0.82 5.05 0.94
Olivine Host-obj 7 4.65 0.29 3.06 0.46 Olivine chd x 66 2.79 0.82 0.72  3.89
Olivine Host-obj 8 531 0.29 249 045 Olivine chd x 67 322 0.82 2.35 1.00
Olivine Host-obj 9 6.32 0.29 3.07 0.44 Pyroxene  chd x 68 3.60 6.75 3.59  1.00
Olivine Host-obj 10 443 0.29 1.82  0.53 Pyroxene chd x 69 5.67 0.82 5.13 095
Olivine Host-obj 11 7.320.29 4.78 0.39 Mesostasis  chd x 70 6.96 0.81 7.30 093
Olivine Host-obj 12 4.81 0.29 323 0.45 Mesostasis  chd x 71 6.43  0.81 6.10 093
Ol}v%ne HOSt'ObJ. 13 4.800.29 296 0.43 All data given in 9, and relative to the SMOW standard.
Olivine Host-obj 14 5.07 0.29 244 0.45
Olivine Host-obj 15 5.75 0.29 393 0.39
Olivine Host-obj 16 384 029 278 047 o . . .
Pyroxene  Host-obj 17 385 0.54 231 0.90 pyroxene or olivine grains and is therefore very different
Pyroxene  Host-obj 18 425 0.54 2.60 0.89 from the compound object studied here. Sokol et al.
Pyroxene  Host-obj 19 432 0.54 4.43  0.86 (2007) reported large (3 mm) clasts in the very primitive
Pyroxene  Host-obj 20 426 0.54 1.90 097  Adrar 003 LL(L)3 chondrite, with some of them
Pyroxene  Host-obj 21 4.58 0.54 1.97 097 containing intact BO chondrules. In contrast to their
Pyroxene  Host-obj 22 5.77 054 3.09 089 host meteorite, these clasts are strongly metamorphosed
Pyroxene  Host-obj 23 5.160.54 225 094 404 therefore clearly xenolithic. The original textures
Pyroxene Host-obj 24 4.11 0.54 1.89 0.94 I
. and compositions of the fragments were largely
Pyroxene Host-obj 25 428 0.54 2.58 0.93 . . . .
. homogenized during thermal metamorphism on their
Pyroxene Host-obj 26 4.09 0.54 3.51 0.88
Pyroxene  Host-obj 27 577 0.54 393 0.88 parent body. To our knowledge, these are the only
Mesostasis Host-obj 39 120 048 —007 2.13 other clasts hosting BO chondrules reported in the
Mesostasis Host-obj 40 322 0.29 170 0.58 literature. However, these are otherwise very different
Mesostasis Host-obj 46 504 0.11 3.03 0.68  from the compound object studied here, making the
Mesostasis Host-obj 47 453 0.11 3.79  0.59 compound object so far unique.
Mesostasis  Host-obj 48 3.82 0.11 293 0.66 To retain its original BO texture, the chondrule in
Mesostasis  Host-obj 49 578 0.10 3.08 0.67  the compound object must have been in a solid state
Mesostasis  Host-obj 50 7.68 009 754 058 \when it was incorporated into its molten host. We
Olivine BO 28 5.510.29 157056 gyooest two different formation scenarios. (i) The
Olivine BO 29 4.87 0.29 2.79  0.48 . . i
. compound object formed in the solar nebula, when the
Olivine BO 30 5.720.29 2.34 047 lten host obiect collided with a BO chondrule. Thi
Olivine  BO 31 558 029 222 049 ~ moten host opject colided with a BLY chondruie. 1S
Olivine BO o 6.04 029 344 042 scenario then constrains the relative particle velocities
Olivine BO 33 6.02 0.29 255 (.44 and particle temperatures, that is, the collision velocity
Olivine BO 34 462 029 241 043 could not have been high, as otherwise the BO
Olivine BO 35 519 029 3.06 0.41 chondrule would not have gotten stuck inside the host
Mesostasis  BO 36 2.84 029 1.70  0.64 object (cf. Arakawa and Nakamoto 2016, 2019; Bogdan
Mesostasis  BO 37 498 0.28 3.03 044 et al. 2019). Bogdan et al. (2019) found experimentally
Mesostasis  BO 38 592028 431 040  that colliding particles at low velocities (<1 m s ') can
Pyroxene  chd 6 51 5.32 083 414 098 fylly merge and homogenize, thereby forming
Pyroxene  chd 6 52 5.150.83 3.28 108 hacrochondrules. We suggest that the compound object
Olivine chd 6 53 —6.49 0.81 —-6.71 0.92 . : .
. studied here could then represent an intermediate stage
Olivine chd 6 54 4.54 0.81 3.83 095 .
between compound and macrochondrule formation.
Pyroxene  chd 6 55 5.68 0.82 4.66 0.97 A di he findi ¢ d L (2019). th
Mesostasis chd 6 56 523 081 519 093 ccording to the findings of Bogdan et al. (2019), the
Mesostasis chd 6 57 387 0.82 458 095 host object and BO chondrule might have collided with
Olivine chd 21 58 0.50 1.81 167 1.11 an approximate relative velocity below 1 m s~' and at a
Olivine chd 21 59 1.31 0.87 3.08 0.96 temperature above 1200°C.




An unusual compound object in Y-793408 (H3.2-an)

1465

8
e Y
typical error
6 d *
® BO-Olivine
/\é\ VY BO-Mesostasis
(=)
= 47 @ Obj-Olivine
5
c% ¥ Obj-Mesostasis
T ol i
9 ° * Obj-Pyroxene
= & Chd6,21x
o
0 Bulk OC
B Bulk Y-793408
—2F
‘ _lighter ~ heavier |
0 2 4 6 8 10
18/1
681801, smow (%)
8 . @® chd 6-Olivine
. v
b typical error ¥ chd 6-Mesostasis
6 Y& chd 6-Pyroxene
— @® chd 21-Olivine
N
= 4+ V¥ chd 21-Mesostasis
5
2 Y& chd 21-Pyroxene
° 2+ @® chd x-Olivine
[ o
= V¥ chd x-Mesostasis
fe)
0 Y& chd x-Pyroxene
¢ Compound Obj
_ol Bulk OC
- B Bulk Y-793408
0 6 8 10

68180y, smow (%o)

Fig. 5. a) Mineral O-isotope compositions of the compound object. b) Mineral O-isotope compositions of the three other
chondrules (cf. Fig. 1). The blue dot in the inset represents one olivine grain in chondrule 6, with significantly lighter O-isotope
composition than all other studied mineral grains. Gray dots in the inset represent all measured chondrule mineral values. Gray dots
in (a) are the data from the three other chondrules, and gray dots in (b) are the data from the compound object. Black dots represent
a selection of ordinary chondrite bulk O-isotope compositions taken from MetBase (2017). Bulk Y-793408 (2.52%, in 8'’O and
3.87%, in 8'%0) was taken from Kimura et al. (2002). TFL = terrestrial fractionation line; CCAM = carbonaceous chondrite
anhydrous mixing line (cf. Young and Russell 1998; Kita et al. 2008). (Color figure can be viewed at wileyonlinelibrary.com.)

Alternatively, (i) the host object could represent an
impact melt that incorporated variable amounts of clastic
debris, produced during the impact or collision. The BO
chondrule would then represent a piece of such unmelted
debris. This scenario is supported by chondrules that
occasionally occur as relicts in impact melts, and which

were incorporated together with other clasts of the target
rock (see fig. 7a of Bischoff et al. [2019] or fig. 4b in
Morlok et al. [2017] from the Chelyabinsk melt
lithology). However, the large sizes of the individual free-
floating olivine grains are atypical when compared to
impact melt clast textures described in the literature,
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which are usually microporphyritic (e.g., Lunning et al.
2016). It is rather likely that the free-floating olivine
grains in the host object are remnants of one or more
other chondrules that were added to the host object with
which the BO chondrule collided.

Therefore, the first scenario seems more likely, and
we suggest that the initial host object was a rare, but
not unusual large (macro)chondrule, dominated by
significant amounts of mesostasis-like material. We then
suggest that the molten host object (mesostasis melting
point: ~1100-1200 °C at 1 atm; Andersen 1915) collided
with other chondrules at ambient temperatures slightly
below the olivine melting point (forsterite: 1800 °C at
1 atm; Kirkpatrick et al. 1983). Chondrules trapped in
the host object would then dissolve and their olivines
would be scattered throughout the host object. The
solid olivine shell surrounding the BO chondrule could
have protected this chondrule from dissolving.
However, openings in this shell would have allowed
exchange of mesostasis material between the host object
and the BO chondrule. The identical compositions of
mesostasis in the BO chondrule and the host object
support material exchange between both mesostases.
Alternatively, the homogeneity of BO and host object
mesostases is a primary feature. In this case, both
mesostases formed at the same time, from the same
precursor material and in the same location, thus
resulting in the observed chemical similarity.

The free-floating, large, euhedral pyroxene crystals
are located at the borders of the host object, and, to a
smaller extent, also on the surfaces of the free-floating
olivines and the BO chondrule. These sites likely acted
as nucleation points of the pyroxenes. The unusually
high Al and Ti concentrations in the pyroxenes support
in situ crystallization from the Al-, Ti-rich host
chondrule melt (see Table 1). Pyroxenes have
crystallization temperatures in between olivine and
mesostasis, around 1550 °C (at 1 atm; Kirkpatrick et al.
1983). Their large sizes indicate that the compound
object was exposed to this temperature for a prolonged
time, before it was quenched and the mesostasis formed.
This would perfectly agree with the aforementioned
scenario in which chondrules were added to, or in
combination constituted the initial host object. The
chondrules were incorporated and dissolved slightly
below the olivine melting point, that is, at temperatures
around 1550 °C. This temperature pertained for some
time after or during ongoing collisions to allow
pyroxene crystallization and, possibly, material
exchange between the host object and BO chondrule
mesostases. This temperature is also in good agreement
with the minimum temperature required to form such
objects in  experiments  (i.e., >1200 °C  for
macrochondrule formation; Bogdan et al. 2019).

J. Barosch et al.

The mesostases in the host object and the BO
chondrule have different silica polymorphs: alpha-
quartz in the BO chondrule and cristobalite in the host
object. Silica is a common, albeit not a frequent
constituent of OC chondrules and clasts in OC (e.g.,
Krot and Wasson 1994; Hezel et al. [2006] and
references therein). It usually occurs as tridymite and
cristobalite, whereas quartz is rare. The presence of the
high-temperature SiO, polymorphs in chondrules is
typically interpreted to reflect fast cooling (e.g., Hezel
et al. 2003, 2006). The cristobalite in the host object
might therefore represent fast cooling. The fast
temperature drop requires a sudden cool surrounding,
as is typical for the fast temperature drop after the
chondrule high-T formation event. Alternatively, the
host object’s mesostasis might have been quenched by
the BO chondrule, if the BO chondrule was significantly
cooler than the host object during their collision. In this
case, the mesostases could not have exchanged material
between host object and BO chondrule, nor could the
pyroxenes have crystallized on the BO olivine surfaces
(cf. Fig. 2). We therefore propose that the host object
and the BO chondrule had similar temperatures when
they collided, that is, around 1550 °C, as indicated
above. The cristobalite in the host object likely formed
during the sudden and typical temperature drop shortly
after chondrule formation. The olivine shell of the BO
chondrule might have slowed cooling of the BO
chondrule mesostasis, in which then silica was
transformed into alpha-quartz.

O-Isotope Composition of the Compound Object

The oxygen isotope compositions of the phases in
the compound object plot mostly in the field of OCs
and their chondrules (Fig. 5a; e.g., Clayton et al. 1991;
Scott and Krot 2014). A rough estimate of the bulk O-
isotope composition of the compound object (using
modal recombination) is ~4.9 in 8'%0 and ~2.9 in 3'70.
This is consistent with an OC origin of the compound
object, while a xenolithic origin is unlikely.

The compound object’s olivines are '*O-enriched
compared to olivines in three additional chondrules
measured in Y-793408. The same is true for all phases
in the compound object, when comparing these to the
whole rock O-isotope composition of Y-793408 (black
square in Fig. 5): the 88O of all phases in the
compound object are shifted toward heavier
compositions by up to ~3%,. However, their 3'’O are—
within error—mostly identical to bulk Y-793408,
thereby indicating some mass-independent O-isotope
fractionation of the phases in the compound object.

The mesostases in the BO chondrule and host
object are compositionally identical and rich in
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refractory elements (Al, Ca, Ti). Refractory material
was obviously a major part of the precursor objects that
formed the host chondrule. However, only small
amounts of CAI material could have been added to the
compound object as the oxygen isotope composition of
the mesostases plots mostly in the field of OC, and not
toward '®O-rich compositions, indicative of CAIs (e.g.,
Scott and Krot [2014] and references therein). The large
amounts of refractory material contributing to the
mesostasis likely originated from the same source as all
of the material that formed the object studied.
However, as some data plot below the terrestrial
fractionation line, minor contributions of '"®O-rich (e.g.,
CAI) material cannot be excluded.

The O-isotope composition of the host object
mesostasis has a large scatter, bracketed by the lightest
and heaviest O-isotope compositions of all the phases.
As these compositions plot on a non-mass-dependent
trend, these likely reflect some exchange of material
with the surrounding gas (e.g., Tissandier et al. 2002;
Hezel et al. 2003; Krot et al. 2004; Libourel et al. 2006;
Jacquet et al. 2012; Di Rocco and Pack 2015; Friend
et al. 2016; Metzler and Pack 2016; Soulié et al. 2017;
Ebel et al. 2018; Barosch et al. 2019), that is, an initially
lighter material exchanged O-isotopes with a heavier
gas, for example, heavy water as found in cosmic
symplectites (Sakamoto et al. 2007).

Origin of Ca,Al-Rich Olivine Cores

The Ca,Al-, and Fe-concentration of a few
forsteritic olivine cores in the compound object is
typical for RF and occurs as free-floating grains next to
other individual, but apparently non-refractory olivines.
The O-isotope composition of these refractory olivines
is, however, similar to typical OC chondrule olivines,
and thereby unlike the '°O-enriched isotope
compositions of RF (A0 between —4 and —10%;
Weinbruch et al. 2000; Pack et al. 2004, 2005). It has
been proposed that RF formed by fractional
crystallization of refractory condensed melts that
experienced gas-melt interactions (Pack et al. 2005). It
is since then generally assumed that RF represent '°O-
rich relict olivine that crystallized early in the thermal
history of chondrules (Pack et al. 2004) or were
inherited from chondrule precursors (Jones et al. 2004).
However, it has been shown recently that '®O-rich relict
chondrule olivine grains are rather Ca-Al-Ti poor
(Marrocchi et al. 2018), which is inconsistent with the
previous idea that refractory-enriched grains are relicts
(Pack and Palme 2003; Pack et al. 2004). Furthermore,
Libourel and Portail (2018) and Marrocchi et al. (2018,
2019) suggest that RF formed together with other
chondrule olivine grains by epitaxial growth during gas—
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melt interactions. These RF show constant A'’O within
a single chondrule and between different chondrules,
thus reflecting interaction with an '°O-poor gas in the
chondrule-forming region (Marrocchi et al. 2018). In
the compound object studied here, the RF do not show
1%O-rich isotope compositions. This supports our
suggestion that all free-floating olivines are in fact
remnants of one or more chondrules that collided and
constituted the macrochondrule with which the BO
chondrule collided.

CONCLUSIONS

We found a unique compound object in Y-793408
(H3.2-an) that is composed of at least two
subcomponents. (i) A large host object, likely a
mesostasis-rich macrochondrule with individual, free
floating, large olivine grains in the mesostasis. Some
olivines contain '®O-poor, forsteritic cores. (i) A BO
chondrule trapped in the macrochondrule.

We conclude that the compound object is the
fragment of a macrochondrule that collided with and
preserved a BO chondrule. If correct, the object appears
to be the first macrochondrule with another object still
inside it, and thereby provides the first petrographic
evidence that compound chondrules and
macrochondrules are indeed genetically related, as for
example suggested by Bogdan et al. (2019). The object
studied  therefore  allows new  insights into
macrochondrule formation, their temperature evolution,
and details of their formation process.

We suggest that the compound object formed in a
nebular setting as follows. First, the mesostasis-rich host
object formed by collisions and subsequent merging of
molten chondrules, similar to compound chondrule
formation (Weyrauch and Bischoff 2012; Bogdan et al.
2019). The free-floating, large olivines represent
disaggregated remnants of other chondrules that
collided and built the macrochondrule. At least one of
these initial chondrules must have consisted of large
amounts of mesostasis material, in which the other
chondrules dissolved and thereby disintegrated, which
then dispersed their olivine grains throughout the
macrochondrule. One of the colliding objects was a BO
chondrule that got trapped inside the host object, that
is, the macrochondrule. The olivines at the BO
chondrule’s border likely protected the BO chondrule
from disintegration. The mesostasis of the BO
chondrule possibly exchanged material with the host
object, thereby homogenizing both mesostases. During
and after these low velocity collisions (<1 m s~ ';
Bogdan et al. 2019), the macrochondrule remained in a
molten state for some time. The temperatures must have
been below the forsterite melting point, that is, below



1468

1800 °C, at around the pyroxene crystallization point of
1550 °C (Kirkpatrick et al. 1983), during which the
pyroxenes at the border of the host object and some
olivines formed. The mesostasis was then quenched,
preserving cristobalite in the host object. The BO
chondrule mesostasis might have cooled a little slower,
maybe due to thermal insulation from the olivine shell,
thereby allowing a reconstructive transformation of
cristobalite to quartz.

A few of the free-floating olivine grains are RF and
likely formed from gas—melt interaction with an '°O-
poor gas (Libourel and Portail 2018; Marrocchi et al.
2018, 2019), rather than being relict olivines (e.g., Jones
et al. 2004).
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