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Abstract

We carried out a coordinated mineralogical and isotopic study of a Wark-Lovering (WL) rim on a
Ca,Al-rich inclusion (CAI) from the reduced CV3 chondrite Vigarano. The outermost edge of the
CAI mantle is mineralogically and texturally distinct compared to the underlying mantle that is
composed of coarse, zoned melilite (Ak_10_g0) grains. The mantle edge contains fine-grained
gehlenite with hibonite and rare grossite that likely formed by rapid crystallization from a melt
enriched in Ca and Al. These gehlenite and hibonite layers are surrounded by successive layers of
spinel, zoned melilite (Ak-g_10), zoned diopside that grades outwards from Al, Ti-rich to Al, Ti-
poor, and forsteritic olivine intergrown with diopside. These layered textures are indicative of
sequential condensation of spinel, melilite, diopside, and forsterite onto hibonite. Anorthite occurs
as a discontinuous layer that corrodes adjacent melilite and Al-diopside, and appears to have
replaced them, probably even later than the forsterite layer formation. Based on these observations,
we conclude that the WL rim formation was initiated by flash melting and extensive evaporation
of the original inclusion edge, followed by subsequent gas-solid reactions under highly dynamic
conditions.

All the WL rim minerals are 160-rich (A170 = ~-23%o), indicating their formation in an 160-rich
nebular reservoir. Our Al-Mg measurements of hibonite, spinel, and diopside from the WL rim, as
well as spinel and Al,Ti-diopside in the core, define a single, well-correlated isochron with an
inferred initial 26A1/27 Al ratio of (4.94 +0.12) x 1072, This indicates that the WL rim formed
shortly after the host CAL. In contrast, the lack of 26Mg excesses in the WL rim anorthite suggest
its later formation or later isotopic disturbance in the solar nebula, after 26Al had decayed.
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INTRODUCTION

Wark-Lovering (WL) rims are thin (<100 pm) multi-layered mineral sequences that surround
many Ca,Al-rich inclusions (CAls). The rim layers consist of primary high-temperature
minerals found in the CAl interiors, such as hibonite, perovskite, spinel, melilite, anorthite,
Al,Ti-diopside, and/or forsterite. Wark and Boynton (2001) defined “classic” WL rims that
consist of spinel, melilite, and diopside layers, but WL rims show considerable variations in
their mineralogy and complexity among CAls both within and among different chondrite
groups (e.g., Bodénan et al., 2014; Simon et al., 2016; Krot et al., 2017a). Proposed models
for the origin of WL rims include condensation (e.g., Wark and Lovering, 1977; Simon et
al., 2005), metasomatic reaction (e.g., Ruzicka, 1997; MacPherson et al., 1981), evaporation
(e.g., Wark and Boynton, 2001), or combinations of these (e.g., Keller et al., 2013; Simon et
al., 2016). It is generally agreed that WL rims formed during high-temperature event(s) in
the solar nebula after the host CAI formation but prior to accretion onto the parent body. Yet,
the details of how and when WL rims formed and under what nebular conditions are poorly
constrained.

Previous microstructural and isotopic studies of WL rims on CAls in carbonaceous
chondrites, mainly CV3 chondrites, have revealed their complex formation history in the
early solar nebula. For example, transmission electron microscope (TEM) studies reported
that many WL rim layers consist of compact aggregates of micrometer-sized grains with
partially-developed equilibrium grain boundary structures (Toppani et al., 2006; Zega et al.,
2007, 2009, 2010; Keller et al., 2013), suggesting that WL rims formed largely by
condensation, but melting could also be involved. Keller et al. (2013) reported an outermost
forsterite layer consisting of columnar olivine grains with a common growth direction in a
CAI from the Vigarano CV3 chondrite, consistent with growth from a vapor phase (Han et
al., 2019). Based on electron backscattered diffraction (EBSD) analyses of CAls in the
Allende and Axtell CVV3 chondrites, Bolser et al. (2016) showed that pyroxene grains have
similar crystallographic orientations to each other and there is an epitaxial relationship
between pyroxene and anorthite grains. These microstructures were interpreted to have
resulted from high-temperature condensation from a nebular gas and subsequent oriented
growth onto pre-existing layers. Stable Mg isotope measurements by Simon et al. (2005)
showed that, unlike the elevated Mg isotopic compositions of the interiors of CV CAls, their
WL rims have systemically lower Mg isotope compositions (§2°Mg < 0%o, based on ClI
chondrites = 0.0%o0 on the DSM3 scale), implying their formation at relatively high partial
pressures of Mg in support of the view that WL rims represent the products of high-
temperature condensation.

Magnesium isotopic studies of WL rims have given inconsistent views of the relative timing
of the host CAl and WL rim formation events. Simon et al. (2005) concluded that WL rims
formed soon after their host CAls since their initial (25AI/27Al) ratios, (28AI/27Al)o, were
unresolvable. In contrast, Cosarinsky et al. (2007) and Matzel et al. (2015) reported
differences between (28AI/27Al)q of CAl interiors and their WL rims in CM and CV
chondrites, and concluded that WL rim may have formed up to 1 Ma after their host CAls.

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Han et al.

2.
2.1

Page 3

Cosarinsky et al. (2007) also argued that WL rim formation occurred repeatedly during CAI
formation, based on a comparison of (26Al/27Al)g in CV CAls and their WL rims.

In addition, O isotopic studies of WL rims have revealed additional complexities in CAl
dynamical histories. Complex O isotopic zoning patterns have been observed across WL
rims on a number of CAls from both oxidized and reduced CV3 chondrites, and melilite,
anorthite, and Al Ti-diopside are often 180-depleted to various extents relative to hibonite
and spinel (Cosarinsky et al., 2005; Taylor et al., 2005; Yoshitake et al., 2005; Ito et al.,
2010; Simon et al., 2011, 2016). The isotopic heterogeneity among and within individual
WL rim layers has been interpreted as evidence of nebular processing of CAls in gaseous
reservoirs having different O isotopic compositions (Ito et al., 2010; Simon et al., 2011,
2016). In contrast, uniformly 160-rich WL rims around CAls are common in CM, CR, CH,
and CO3.0 chondrites, which suggests that CAl evolution occurred within 160-rich gas
reservoir(s) (Matzel et al., 2013; Bodénan et al., 2014; Jacobsen et al., 2014; Krot et al.,
2017a; Ushikubo et al., 2017). However, interpretations of O and Mg isotopic records in CV
CAls are complicated by possible overprints of fluid-rock interactions during thermal
metamorphism on their parent asteroid (Bodénan et al., 2014; Krot et al., 2017a, b; 2019).

Coordinated microanalyses of WL rims are needed to best understand their origins and to
decipher processes that they experienced in the nebula and parent body settings. Here we
present the results of a comprehensive study of the mineralogy, petrology, microstructures, O
isotopic compositions, and Al-Mg systematics of a WL rim on a Type B CAl, “Big Guy”,
from the reduced CV3 chondrite Vigarano. This inclusion is suited to this study because it
displays a well-developed multi-layered sequence with little evidence for secondary parent
body alteration. Our specific goals are: (1) to better describe the nature of the interfaces
between the host CAl and the WL rim and between the WL rim layers, (2) to investigate
textural and microstructural relationships between anorthite and associated phases, (3) to
search for detectable variations in O and Mg isotopic composition across the WL rim layers,
(4) to determine whether the WL rim formed contemporaneously with the host CAl, and (5)
to provide better constraints on the contribution of each of high-temperature processes (e.g.,
condensation, melting, or evaporation) for the formation of the WL rim layers. We have a
companion study that focuses on the Big Guy interior to investigate its O and Mg isotopic
compositions, which will be discussed in detail elsewhere.

METHODS
Mineralogy and Petrology

The CAI Big Guy, in a thin section of Vigarano (USMNH 447), was studied by
backscattered electron (BSE) imaging and X-ray elemental mapping using the JSC JEOL
7600F scanning electron microscope (SEM) equipped with a Thermo-Fisher silicon drift
detector. Quantitative wavelength-dispersive spectroscopy analyses were obtained at JSC
using both Cameca SX-100 and JEOL JXA-8530F electron probe microanalyzers (EPMAS).
These measurements were performed at 15 kV accelerating voltage, 20 nA beam current,
and 1 um spot size. Elemental calibration was carried out using synthetic and natural
minerals, and data were reduced using the modified ZAF correction procedure PAP
(Pouchou and Pichoir, 1984).
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Six sections were prepared from the WL rim by the focused ion beam (FIB) technique using
the JSC FEI Quanta 3D 600 dual beam FIB-SEM. Targeted regions for the sections covered
all different mineral phases observed in the WL rim, including melilite in the mantle edge
(Fig. EAL). The FIB sections were characterized in detail using bright-field (BF) and dark-
field (DF) images, high-resolution (HR) images, and selected area electron diffraction
(SAED), using the JSC JEOL 2500SE 200 kV field-emission scanning TEM (STEM). In
addition, elemental mapping and quantitative microanalyses were carried out using a
Thermo-Noran thin-window energy dispersive X-ray (EDX) spectrometer. Elemental X-ray
maps were obtained using STEM raster mode with a scanned probe size of 2 nm and a dwell
time of 50 ps/pixel. Successive rasters were added until <1% counting statistical errors were
achieved for major elements. Data reduction was performed using the Cliff-Lorimer thin
film approximation with experimental and theoretical K-factors determined from natural and
synthetic standards.

2.2. Oxygen Isotopic Measurements

Oxygen isotopic measurements were conducted in transects across various locations of the
Big Guy WL rim using the JSC CAMECA NanoSIMS 50L ion microprobe (Fig. EA2). A
16-18 pA Cs* primary beam, with a spot size of ~100 nm, was rastered over 7 x 7 um areas
to pre-sputter regions of interest, and O isotopic measurements were then performed on 5 x
5 um or 3 x 3 um areas within the pre-sputtered regions. 160~ was measured with a Faraday
cup (FC) and 1707, 1807, Si~, MgO~, AlO~, and CaO~ were measured with electron
multipliers (EMSs) in multicollection. Measurements typically consisted of 20 cycles
acquired over periods of 14 minutes. Terrestrial spinel, hibonite, and diopside standards were
used to establish matrix corrections relative to olivine. San Carlos olivine standards were
analyzed in the same analytical sessions using the same analytical procedures to correct for
instrumental mass fractionation (IMF). The aging of EMs was monitored daily by obtaining
pulse height distributions and the high voltage and/or deflection voltage were adjusted on
each detector as necessary. Corrections for the EM dead time and quasi-simultaneous arrival
were applied (Slodzian et al., 2004). An electron flood gun was used for charge
compensation. A mass resolving power of >10,000 (Cameca definition) was achieved,
sufficient to limit the contribution of 160H™ to 170~ to <0.1%.. Data are reported as
deviations from Standard Mean Ocean Water (SMOW), where §17:180 (%) = [((17180/
180)sampte/ (17180/180)spmow) — 1] x 1000, and as deviations from the terrestrial
fractionation line, where A0 (%) = 6170 - 0.52 x 8180. For each analysis location that
was analyzed once, errors are reported as two standard deviations of the mean of 20 cycles
in the spot mode. For sample locations analyzed more than once, errors are reported as two
standard deviations of the mean of multiple analyses (all image planes combined for each
analysis).

2.3. Magnesium Isotopic Measurements

In situisotope analyses of 26A1-26Mg were performed on the CAMECA ims-1290 ion
microprobe at UCLA by slightly modifying a method described previously in Liu et al.
(2018). Two analyses modes were used in the session. First, Mg-rich phases, such as
hibonite, spinel, and diopside, were sputtered with a 1-1.5 nA 160,~ primary ion beam (¢
<4 um) generated by a Hyperion-I1 oxygen plasma source, yielding Mg and Al secondary
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ion signals intense enough to be simultaneously measured with multiple FCs without
switching the magnetic field setting. Each spot analysis consisted of 45 seconds of “pre-
sputtering” and 300 seconds (10 seconds per cycle for 30 cycles) of data acquisition. Mass
resolution (M/AM) was set at 2,500 (corresponding to exit slit #1 on the multicollection
trolleys) to separate doubly-charged interferences (*8Ca2* and 48Ti2*) from 24Mg*. 24MgH*
cannot be fully resolved from 25Mg™* under such mass resolution, but the vacuum condition
in the analysis chamber (pressure <1x1072 torr) made the hydride contribution negligible
(<0.05%o). Second, peak-jumping monocollection was applied to analyze anorthite and
gehlenitic melilite due to their low magnesium contents. The two phases were bombarded by
a 70 pA primary ion beam and the secondary ions were collected with the axial EM. All
ims-1290 ion microprobe spots are shown in Figure EA2.

Burma spinel, San Carlos olivine, San Carlos pyroxene, Madagascar hibonite, Miyakejima
anorthite, and isotopically normal synthetic glasses of fassaite composition (known as “P0)
and of melilite composition were used as standards to characterize IMF of Mg isotopes
during ion probe analyses. The IMF is defined as

iy 24
M
o. =

=G 24
Mg/ M)
( g gtrue

, where i = 25 or 26, and m stands for “measured”. All these terrestrial standards were
assumed to have the “true” magnesium isotopic compositions of 2°Mg/2*Mg = 0.12663 and
26Mg/24Mg = 0.13932 (Catanzaro et al., 1966). a5 and aog would have the following
relationship when using an exponential mass fractionation law:

5= (0‘26)[3

B is the IMF factor. This quantity was derived by first expressing the deviations of measured
isotopic ratios from the assumed true values in modified delta-notation as:

8'Mg/( %o ) = In a; X 1000

, and then obtaining the slope of linear regression through data points on Mg-rich standards
(Burma spinel, San Carlos olivine, and San Carlos pyroxene) in §2°Mg’-626Mg’ space. The
B value was found to be 0.509, and is comparable to those obtained on other ims-1200 series
ion microprobe (e.g., Villeneuve et al., 2009). The intrinsic mass-dependent fractionation of
individual phases, expressed as §2°Mg, was calculated after correcting for the IMF by using
ays of the corresponding standard. The horizontal deviation from a mass fractionation line
as a result of the decay of 26Al (=A26Mg*) was calculated with the formula recommended in
Davis et al. (2015):

26

1/p
A ) ~ 1] % 1000

Mg* = 570Mg [(1 +8%Mg/1000
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, where §2526Mg = (526 — 1) * 1000. In this study, 6'Mg and 6'Mg’ are almost identical
within errors. It should be pointed out that the calculated A26Mg* values depended very little
on B since the sample is not mass-fractionated significantly. The spots that would be most
affected by the choice of B are melilite spots with A26Mg* >15%. because they are the most
mass fractionated; however, the difference derived from choosing between p = 0.509 and
= 0.5128 (recommended by Davis et al., 2015) is no more than 0.2%o, which is totally within
the quoted errors. The final reported error was calculated as:

_ |2 + 2
®final = \/Cinternal ~ external

, where ointernal is the standard error of the mean A26Mg* on a cycle-by-cycle basis, and
Oexternal 1S the standard error of the mean of repeated measurements on the corresponding
standard. The relative sensitivity factor (RSF) of Al to Mg, defined as (2 Al/2*Mg)ye/ (27 All
24Mg)y,, was characterized for different mineral phases by using the corresponding
standards with known 27Al/24Mg ratios. The true 27 Al/24Mg ratios of measured CAI
minerals, including diopside, spinel, hibonite, melilite, and anorthite, were derived by
applying the RSFs determined on PO glass, Burma spinel, Madagascar hibonite, a synthetic
melilite glass, and Miyakejima anorthite, respectively. The RSF values and corresponding
errors obtained in the session on each standard are listed in Table EA1.

3. RESULTS

3.1.

The Vigarano CAIl Big Guyis a 1,200 x 750 um fragment of a coarse-grained Type B CAI
(Fig. 1a). The CAI has a core-mantle-rim structure. The core, ~650 pm across, consists of
blocky Al,Ti-rich diopside grains that poikilitically enclose euhedral spinel crystals. The
~200-600 um wide mantle consists of zoned melilite grains that contain poikilitic euhedral
spinel crystals. The mantle is surrounded by a ~30-100 pm thick WL rim which is overlain
by a ~20-200 pm thick olivine-rich accretionary rim (Figs. 1b—c). We identified seven
distinct layers in the WL rim sequence on Big Guy. (1) gehlenite in the outermost edge of
the mantle, (2) hibonite, (3) spinel with lath-shaped hibonite and perovskite, (4) gehlenitic
melilite, (5) anorthite, (6) zoned diopside grading outwards from Al Ti-rich to Al,Ti-poor,
and finally (7) forsteritic olivine intergrown with diopside. The accretionary rim consists of
forsteritic olivine with minor metal and micro-CAls. Alteration in this inclusion is relatively
minor, similar to other inclusions from reduced CV chondrites, but in contrast to those in
oxidized CV chondrites (Brearley and Krot, 2013).

Mineralogy and Petrology

Our TEM study shows that individual layers in the WL rim share several common features:
(1) each layer consists of compact aggregates of micrometer to sub-micrometer sized
crystals; (2) the interfaces between layers are highly convoluted and embayed; (3) curved
grain boundaries between minerals are frequently observed; (4) crystallographic orientation
relationships between adjacent minerals are uncommon, with most grains showing random
orientations towards each another; and (5) most minerals are defect free. Below we describe
in detail our TEM observations from the WL rim minerals, including mineral chemistry
obtained using EPMAs (Table 1), and their O and Mg isotopic compositions.
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3.1.1. Gehlenite in the Mantle Edge—The CAIl mantle is dominated by coarse
melilite laths, ~250-450 um in size, most of which are oriented at high angles to the rim,
with heterogeneously distributed minor spinel inclusions. In contrast, the outermost edge of
the mantle consists of a 10-20 um wide zone of micrometer-sized melilite grains with fine-
grained inclusions of hibonite, perovskite, spinel, and grossite (Fig. 2). These melilite grains
share a common growth orientation along (001) and contain abundant (001) planar defects
(Fig. 2a). A rounded inclusion of grossite (pure and stoichiometric CaAl,O7; Table 2), ~2
pm in diameter, is completely surrounded by melilite with no contact with other oxide
inclusions, at least within a two dimensional FIB section (Fig. 2b).

Electron microprobe traverse analyses of the mantle melilite show that their akermanite
content decreases gradually from Ak_g at the core-mantle boundary to Ak_1g_15 over a
distance of ~30-100 pm from the core, then becomes relatively constant at Ak_1_15 through
the rest of the mantle, and finally decreases gradually to Ak_q_g over the outermost ~10-20
um edge of the mantle (Fig. 2c). TEM EDX analysis reveals that melilite in contact with
hibonite is uniformly end member gehlenite in composition (Table 2).

3.1.2. Hibonite—The CAIl mantle is partially surrounded by a hibonite layer that varies
from 3 to 30 um (Figs. 1b—c). Hibonite crystals show a typical lath-shaped habit with a
maximum length of ~12 pm and, unlike other WL rim minerals, usually share straight or
slightly curved grain boundaries with each other (Fig. 3) and with gehlenite in the mantle
edge (Fig. 2a). An analysis of electron diffraction patterns reveals that individual hibonite
grains are consistently elongated normal to the caxis, but are randomly oriented relative to
one another. We observed a single hibonite crystal in direct contact with melilite that
contains a very low density of stacking defects, but most hibonite grains are free of stacking
defects. Electron microprobe measurements show that hibonite contains 2.2-5.3 wt% TiO,
and 1.4-2.8 wt% MgO (Table 1). Our TEM EDX analysis reveals no Mg zoning in hibonite
grains.

Rounded gehlenite inclusions <2.5 um in size are present in the innermost part of the
hibonite layer (Fig. 3). A faceted refractory metal nugget (RMN) grain 120 nm in size is also
included within hibonite as a homogeneous alloy enriched in Os, Ir, Ru, and Pt (in wt%: 40
Pt, 25 Ru, 131, 9 Os, 5 Mo, 4 W, 2 Fe, 1 Re, 1 Ni).

3.1.3. Spinel—A 5-35 um wide spinel layer surrounds the hibonite layer, and its
interface with hibonite is highly embayed and curved (Fig. 4a). Elongated spinel rarely
occurs in direct contact with the mantle melilite (Fig. 4b). Our EPMA analyses show that
these spinel grains are essentially stoichiometric MgAIl,O4 with 0.19-0.26 wt% Cr,03 and
0.25-1.1 wt% FeO (Table 1), similar to that in the CAl interior. However, their V,03
concentrations are lower in the WL rim (0.1-0.2 wt% V,03) than in the CAl interior (0.3-
0.6 wt% V,03).

Numerous lath-shaped hibonite grains are included in spinel and these often surround
partially to completely perovskite and/or elongated spinel grains (Figs. 1b—c, 4a—d). The
hibonite inclusions contain stacking defects (Fig. 4c). Electron diffraction patterns obtained
from these defect-structured hibonite grains show streaking along the caxis, and their lattice
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fringe images show irregular intergrowths of 2.6 nm (001) spacing within the dominant 2.2
nm (001) spacing of stoichiometric hibonite (Fig. 4e). Perovskite occurs commonly as
inclusions in the spinel layer with equant to wormy morphologies (Figs. 1b—c, 4a-b). STEM
imaging obtained from a single perovskite crystal shows the presence of multiple twin
boundaries in the crystal (Fig. 4d), and its electron diffraction patterns are indexed as an
intergrowth of [001] and [100] zones, consistent with twinning on (101) (Fig. 4f). In one
instance, a crystallographic orientation relationship between spinel and perovskite is
observed, such that [130]spinel//[120]perovskite and (001)spinet//(001) perovskite (Figs. 4g-h).

3.1.4. Melilite—A melilite layer is typically <10 yum wide, and straight grain boundaries
with triple junctions are partially developed between melilite grains <5 pm in size (Figs. 5a—
d). EPMA analyses of melilite contain 1.3-1.4 wt% MgO (Ak-g) (Table 1), but TEM EDX
analysis reveals that individual melilite grains are zoned. In general, melilite is pure
gehlenite (Ak-p) at the interface with spinel, but increases progressively in its &kermanite
content up to Ak towards the interfaces with anorthite and pyroxene (Fig. 5e). However,
melilite in contact with pyroxene has higher dkermanite contents by ~3-4 mol% than that in
contact with anorthite (Table 2). In addition, melilite contains no detectable Na even though
it is spatially closely associated with local Na,Fe-rich amorphous materials of likely
secondary parent body alteration origin.

Rounded spinel grains <1 um in size rarely occur in the innermost part of the melilite layer.
A faceted RMN 60 nm in size is included in melilite and is a homogeneous alloy enriched in
Os, Ir, Ru, and Fe (in wt%: 42 Fe, 19 Ir, 15 Os, 7 Ru, 5 Mo, 5 Pt, 4 Ni, 2 W, 1 Re).

3.1.5. Anorthite—A discontinuous anorthite layer is developed between the melilite and
pyroxene layers (Figs. 5b, d). This layer is 0.5-10 um wide, but in most cases is less than 3
pum wide. Anorthite is in direct contact with spinel at the widest parts of the anorthite layer.
Anorthite grains are typically <5 um in size and show polysynthetic twinning. Minor spinel
grains <1.5 um in size occur as inclusions mostly in the inner part of the anorthite layer.
Anorthite lacks crystallographic orientation relationships with adjacent melilite, spinel, and
pyroxene. No accurate EPMA measurements of anorthite could be obtained because the
anorthite layer is narrow and contains fine-grained spinel inclusions. However, TEM EDX
analysis shows anorthite has a uniform composition of pure CaAl,Si,Og and contains no
detectable Na (Table 2).

3.1.6. Diopside and Forsterite—Based on SEM BSE imaging and X-ray mapping, the
outermost layer of the WL rim is a 3—-40 um wide layer of zoned diopside grading outwards
from Al,Ti-rich to Al, Ti-poor (Figs. 1b—c). Rarely, Al,Ti-rich diopside occurs locally
between spinel and melilite (Figs. 4b, 5a, 5c), and, based on TEM EDX analysis, show an
uniform composition with 14 wt% TiO, and 29 wt% Al,O3 (Table 2). In addition, our TEM
observations show that rare intergrowths of diopside and forsteritic olivine (Fa-3; Table 2)
with convoluted interfaces (i.e., symplectic texture) are present in the outermost pyroxene
layer (Fig. 6), and both diopside and forsterite share sharp contacts with porous aggregates
of olivine grains in the accretionary rim. The diopside and forsterite grains range in size
from 0.5 um to 6 um, and no crystallographic orientation relationships are observed between
them. In general, diopside grains do not show any orientation relationships with each other,
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but rare clusters of some grains share a similar crystallographic orientation. In addition,
subrounded spinel grains <1 pm in size occur as inclusions in the innermost diopside layer in
direct contact with melilite (Figs. 5a, c).

Electron microprobe analyses show a compositional zoning in pyroxene, outward from
Al,Ti-rich diopside to nearly endmember diopside (Table 1). Our TEM EDX analyses reveal
an additional complexity in the pyroxene zoning. For example, Figures 5f and 5g show the
variation in Al and Ti concentrations for the diopside layer along two different traverses: one
where pyroxene is in contact with melilite and the other where it is in contact with anorthite.
At the anorthite-pyroxene interface, the Al and Ti contents decrease smoothly to their lowest
values (Fig. 5g). In contrast, the situation is more complicated for pyroxene adjacent to
melilite, where its Al and Ti contents decrease, then increase, and finally fall gradually to the
lowest values (Fig. 5f). In general, the decrease in Al and Ti contents and the corresponding
increase in Mg and Si contents are apparent over a ~2 um distance from the interfaces of
pyroxene with melilite and anorthite where the highest Al and Ti contents are observed.
However, pyroxene immediately adjacent to anorthite contains lower Al contents and
slightly higher Mg contents compared to that adjacent to melilite (Table 2).

3.2. Oxygen Isotopic Compositions

3.3.

Oxygen isotopic compositions of individual minerals in the CAl Big Guy;, obtained using
NanoSIMS, are plotted in Figure 7 and listed in Table 3. On the 8170 vs. 8180 plot (Fig. 7a),
oxygen isotopic compositions of all minerals from the CAl interior and the WL rim plot
close to the carbonaceous chondrite anhydrous mineral line. Although all of the WL rim
minerals are relatively 180-rich, hibonite and spinel have lower §170 and 6180 values
relative to melilite, anorthite, and diopside. On the A7O plot (Fig. 7b), all of the WL rim
minerals have 160-rich compositions with an average AL7O value of —22.7 + 4.5%. (A0
values ranging from —26%o to —20%o). There are no resolvable variations in A17O values
across the entire WL rim sequence. In contrast to spinel both from the CAl core and mantle
being 160-rich (A170 <-20%o), the mantle melilite preserves a large variation in O isotopic
compositions, with the most 180-rich composition at the center of the mantle (A170 = ~
—22%0) and extending to 160-poor maxima near the core-mantle and mantle-rim boundaries
(AY0 = ~1%o and ~—2%o, respectively).

Magnesium Isotopic Compositions

Magnesium isotopic compositions of individual minerals in the CAl Big Guy obtained using
the ims-1290 ion microprobe are plotted on an 26Al-26Mg isochron diagram in Figure 8 and
listed in Table 4. The high-precision multicollection data of hibonite, spinel, and diopside
from the WL rim, as well as spinel and Al,Ti-rich diopside from the CAl interior, define a
single well-correlated isochron, which yields a slope corresponding to (26Al/27Al)o = (4.94
+0.12) x 107° (2 = 1.8) and an intercept of 0.09 + 0.04% as the initial A?6Mgg* (errors are
20; Fig. 8a). The monocollection data of the mantle melilite are not regressed to infer its
initial 26Al/27 Al ratio because of their large errors. However, the mantle melilite data are
broadly consistent with the high precision data having (28AI/27Al)g = 4.9 x 107° at the 20
level (Fig. 8b), except for a few of low 27 Al/24Mg (<6) spots that are plotted below the
regression line.
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The WL rim anorthite appears to lack resolvable 26Mg excesses (Table 4). The 27Al/2Mg
ratios of anorthite range from ~10 to ~58 (Table 4), much lower than those that anorthite
would usually have (e.g., 170-370; Kita et al., 2012). Our EPMA measurements of anorthite
contained a significant amount of MgO (2.3-3.5 wt%), not listed in Table 1, due to the
presence of fine spinel inclusions in anorthite, as confirmed by TEM analysis (Figs. 5b, d).
The atomic ratios of Al/Mg range approximately from 9 to 12, which are in good agreement
with 27Al/24Mg measured by the ims-1290 ion microprobe.

Variations in mass-dependent Mg isotopic fractionation (i.e., 52°Mg) are observed in the
CAl interior and the WL rim (Table 4). The CAl interior minerals show isotopically heavy
625Mg = ~4-19%o, whereas the WL rim have relatively lower §2°Mg values of ~—3-7%.
The distinct magnitudes of these variations observed in the CAl interior and the WL rim
suggest that they were not derived from a single thermal event. In the CAl interior, spinel
and Al, Ti-rich diopside are characterized by a constant §2°Mg value of ~9%o.. The mantle
melilite has a range of §2°Mg = ~4-19%.. However, melilite in direct contact with the WL
rim has 8625Mg = ~4-5%o, and hibonite grains completely surrounded by melilite in the
mantle edge have §2°Mg = ~7%. In the WL rim, hibonite has mostly §2°Mg <0%, but one
analysis shows a slightly increased §2°Mg = ~3%.. All analyses of the WL rim spinel show
consistent §2°Mg <0%o.. The §2°Mg values of the WL rim diopside span from ~0%o to ~2%o,
whereas those of the WL rim anorthite have ~5—7%o.

4. DISCUSSION

4.1.

High-Temperature Nebular History of the WL Rim

All the WL rim minerals in Big Guy are 180-rich with A170 = ~-23%o (Fig. 7b; Table 3),
indicating their formation in an 180-rich gas reservoir. Importantly, melilite and anorthite
retain 160-rich compositions identical to those of other WL rim phases. However, we
observed slightly elevated 8170 and 8§80 values of melilite, anorthite, and diopside with
respect to hibonite and spinel in the WL rim (Fig. 7a; Table 3). Here we consider whether
these isotopic signatures represent the compositions of the WL rim minerals established in
the solar nebula or modified by secondary parent body processes.

The A0 value of ~—23%o obtained from the Big Guy WL rim is characteristic of pristine or
least metamorphosed CAI WL rims in CM, CO, CR, and most CH chondrites (Matzel et al.,
2013; Bodénan et al., 2014; Jacobsen et al., 2014; Krot et al., 2017a, b; Ushikubo et al.,
2017). This common composition is interpreted as a common source reservoir for many WL
rims in the CAl-forming region. In contrast, most CAls in metamorphosed CV chondrites
including Vigarano show large variations in O isotopic compositions across their WL rims
(Cosarinsky et al., 2005; Taylor et al., 2005; Yoshitake et al., 2005; Ito et al., 2010; Simon et
al., 2011, 2016). Despite distinct, but complicated O isotopic records across WL rims in
individual CV CAls, the O isotopic heterogeneities in the WL rims are commonly associated
with 160-depleted melilite and anorthite (A17O=~-10%o). Some concerns have been raised
that these isotopic records were disturbed by mineralogically controlled O isotope exchange
with an 160-poor fluid in the parent body setting (Wasson et al., 2001; Itoh et al., 2004; Krot
etal., 2017b, 2019). However, the Big Guy WL rim does not show such significant O
isotopic variations (Fig. 7b; Table 3), indicating that all the WL rim minerals preserve a
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primary nebular signature of 160-rich reservoir during their formation and escaped a later-
stage exchange with an 160-poor reservoir both in the nebular and asteroidal settings.

Like many CV CAls (Brearley and Krot, 2013), the WL rim minerals in Big Guy do contain
petrological and compositional evidence for a relatively low, but limited degree of parent
body metamorphic processes in the presence of fluid. This includes Fe enrichments along
cracks and grain edges of spinel and olivine and the presence of Na,Fe-rich amorphous
materials preferentially associated with melilite (Figs. 5a—d). However, other WL rim
minerals, in particular melilite, are almost free of either Fe or Na enrichments, even at their
grain boundaries, confirmed by TEM EDS (Table 2), despite their fine-grained nature. More
importantly, we did not detect nepheline, sodalite, or grossular in the Big Guy WL rim that
are common alteration products of melilite and anorthite found in other inclusions both from
oxidized and reduced CV chondrite groups (Brearley and Krot, 2013). Additionally, two
RMNs in hibonite and melilite show negative Mo anomalies of similar magnitude, compared
to other refractory siderophiles relative to Cl chondrites, and a less pronounced W depletion
is also observed in the nugget in melilite (Fig. 9). These patterns are readily explained by
high-temperature oxidation in the solar nebula, and limit the degree of low-temperature
(<1,000 K) oxidation on the parent body, which causes larger W depletion or equal W and
Mo depletions in RMNs (Fegley and Palme, 1985). We therefore conclude that the Big Guy
WL rim minerals experienced minimal modification in the parent body setting and remain
largely unaltered. Thus, our coordinated analysis of the WL rim minerals presented here
provide crucial constraints on high-temperature processing of primary refractory mineral
assemblages in the solar nebula.

4.2. Formation Sequence of the WL Rim

The WL rim on Big Guy is a series of distinctive mineral layers that consist of refractory
phases such as hibonite, perovskite, spinel, melilite, anorthite, diopside, and forsterite (Figs.
1b—c). The mineralogical and compositional characteristics of the WL rim minerals
described above require a complex multi-stage high-temperature history including
evaporation, melting, and gas-solid reactions, in which individual WL rim layers formed
sequentially after the host CAI formation. We now explore in more detail a sequence for the
formation of the WL rim layers, which is illustrated in Figure 10.

4.2.1. Gehlenite and Hibonite: Flash Melting and Evaporation—Coarse melilite
grains in the mantle radiate from the WL rim and are strongly zoned with akermanite
contents increasing away from the WL rim to the core (i.e., normal zoning) (Fig. 2c). These
features are typically observed in Type B CAls, and are evidence for inward growth of
molten droplets that cooled by radiation of heat from their surfaces (e.g., MacPherson et al,
1984; Simon and Grossman, 2006). In contrast, at the outermost edge of the mantle, fine-
grained, gehlenite grains occur beneath the hibonite layer (Fig. 2). The gehlenite grains
share a common crystallographic orientation, contain a rare grossite inclusion, and are
intimately intergrown with hibonite laths. The gehlenite grains are depleted in dkermanite
content by at least ~10-15 mol% relative to the observed zoning trends of coarse melilite
crystals in the mantle (Fig. 2c), as well as to initial melilite composition (Aks-10_15)
expected for a melt with Big Guy bulk composition, as predicted from phase relations of

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Han et al.

Page 12

Stolper (1982). Anomalously gehlenitic melilite is observed at the edges of many coarse-
grained CAls just below the WL rim (e.g., Simon et al, 1999; Wark and Boynton, 2001;
Yoshitake et al., 2005; Simon and Grossman, 2006; Simon et al., 2011; Bullock et al., 2013;
Bolser et al., 2016;). Our TEM observations demonstrate for the first time that this
compositional change is associated with textural changes over the narrow zone of the mantle
edge. In addition, smaller but less variable §2°Mg values (~4-7%o) of gehlenite and hibonite
in the mantle edge are observed, compared to those (~9—-19%o) of spinel and melilite in the
CAIl mantle (Table 4). Overall, the observed differences suggest that the outermost edge of
the mantle represents a zone having higher Al/Mg than bulk composition of Big Guy that
formed by high-temperature event(s) that occurred after the original Big Guy had
crystallized.

The mantle edge may have been produced by high-temperature condensation of gehlenite
and hibonite onto the original Big Guy mantle. In such a scenario, the decrease in
akermanite contents of melilite in the mantle edge towards the WL rim (Fig. 2c) would have
resulted from a gradual drop of the total gas pressure during the condensation of melilite
(MacPherson and Grossman, 1984). Condensation of hibonite onto gehlenite could have
happened in the same nebular region where melilite condensed, but this would require the
total gas pressure to drop by at least 2 orders of magnitude as the temperature remained
constant above ~1,400K (Ebel, 2006). Alternatively, the original CAI may have been
transported into a nebular region of higher temperature where hibonite and probably other
WL rim minerals could resume condensation onto gehlenite. However, a condensation origin
for gehlenite and hibonite in the mantle edge is difficult to reconcile with the common
crystallographic orientation of gehlenite grains, straight grain boundaries between gehlenite
and hibonite grains, and the perfectly rounded shape of grossite (Figs. 2-3).

Given the complications of the condensation origin, we conclude that it is more likely that
gehlenite and hibonite formed by rapid crystallization from a thin, gehlenite-normative melt
that was produced at the surface of the original Big Guy in a flash heating event. This
hypothesis is supported by previous experimental studies showing the evolution of Mg, Si,
Ca, and Al concentations with increasing a degree of evaporation (Hashimoto, 1983; Floss et
al., 1996; Wang et al., 2001; Richter et al., 2002). In particular, Hashimoto (1991) showed
that Mg evaporated at approximately twice the rate of Si, which evaporated ~8-9 times
faster than Ca, without evaporative loss of Al, based on evaporation experiments of gehlenite
and akermanite.

Based on our measured zoning profile of melilite in the mantle (Fig. 2c), the original
outermost mantle was likely composed of melilite with Ak_10_;5. Even after short-lived
melting of such melilite, Mg and Si would have evaporated nearly instantly, while Ca would
have done so to a lesser degree and none of Al would be lost. The thin melt therefore
became sufficiently Ca,Al-enriched to stabilize gehlenite, hibonite, and minor grossite.
Previous equilibrium crystallization experiments showed that temperatures in excess of
1,500°C are required to crystallize gehlenite from a Type B CAl-like melt (Mendybaev et
al., 2006). In addition, Floss et al. (1996) produced hibonite only through evaporation at
temperatures above 2,000°C and subsequent rapid cooling of bulk samples from the Allende
CV3 chondrite. These results imply that, as an initial stage of the WL rim formation,
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gehlenite and hibonite crystallized rapidly from a Ca,Al-rich melt that formed on the surface
of the original Big Guy by flash heating in excess of ~1,500°C and consequent evaporation
of less refractory elements, Mg and Si, while the core and most of mantle remained largely
unmodified. This high-temperature event should have happened after the mantle melilite had
solidified and before a surrounding gas achieved a composition that formed subsequent
layers from spinel to forsterite. However, gehlenite and hibonite in the mantle edge have
relatively lower 625Mg values compared to spinel and melilite in the CAI mantle (Table 4).
The mantle edge may have become less fractionated by subsequent isotopic exchange with a
nebular gas reservoir after rapid crystallization of gehlenite and hibonite, while the CAI
mantle remained heavily mass fractionated due to an initial loss of Mg during the original
CAI formation. We conclude that the layer of fine-grained gehlenite in the outermost edge of
the mantle below the hibonite layer represents the initial base layer in the WL rim sequence.

Wark and Boyton (2001) invoked evaporation as an initial step in the WL rim formation,
based on the parallel rare earth element patterns between the Type B1 CAl interiors and WL
rims and the relative enrichments of highly refractory elements in the WL rims. They
concluded that gehlenite and hibonite below the spinel layer were derived from refractory
partial melts that formed at the outer mantle by evaporative loss of more volatile elements
(Beckett and Stolper, 1994). This mechanism was favored by Simon et al. (1999) and
Bullock et al. (2013) to explain the common presence of anomalously gehlenitic melilite at
the margins of coarse-grained CAls in CV3 chondrites. However, the relatively rare
occurrence of hibonite in WL rims, different compositional ranges of melilite at the CAI
margins, and variations in WL rim sequence suggest that different conditions (e.g., precursor
bulk composition, melting temperatures, and cooling rates) in which evaporation took place
are responsible for these variations observed from WL rims in individual CAls.

In Big Guy, hibonite is the most refractory phase among the WL rim minerals (Figs. 1b—c)
and no corundum is observed even at the nanometer scale, similar to other CAls previously
studied. Simon et al. (1994) proposed that the paucity of corundum-bearing inclusions was
due to the instability of corundum relative to hibonite in the presence of small amounts of
oxides other than Al,O3 in melts. A partial melt produced at the Big Guy surface likely
contained variable amounts of Ca, Mg, Ti, and Si, depending on the relative amounts of
melilite, spinel, and perovskite melted and the degree of evaporation. Evaporative loss of Ca
is required to stabilize corundum, but it can form only after almost complete loss of Mg and
Si by extensive evaporation at very high temperatures above 2,000 K (Floss et al., 1998;
Simon and DePaolo, 2010). Thus, most of CaO and possibly TiO, were preserved in the
melt, and consequently corundum could not crystallize and instead hibonite crystallized. In
addition, we observed the rare, rounded grossite inclusion in gehlenite below the hibonite
layer (Fig. 2b), suggesting its crystallization from a melt during gehlenite crystallization.
The rarity of grossite contrasts with the results of previous evaporation experiments that
showed that grossite appeared as a stable stoichiometric phase in the residues with higher
mass losses (Ireland and Esat, 1986; Mendybaev et al., 2006). However, the stability field of
grossite appears to be greatly reduced by the presence of Mg and Ti in a melt, with a
corresponding expansion of the stability field of spinel and hibonite, as experimentally
demonstrated by Beckett and Stolper (1994) and Han et al. (2016). The survival of grossite
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in gehlenite may therefore be due to a melt of extremely gehlenite-normative composition
(Beckett and Stolper, 1994; Weber and Bischoff, 1994).

Hibonite in the Big Guy WL rim contains significant Mg and Ti (Tables 1 and 2), similar to
the ranges observed in other CAls and WL rims (Brearley and Jones, 1998). Most of the WL
rim hibonites are isotopically light (62°Mg <0%o), whereas the CAI interior shows heavy Mg
isotopic compositions (§2°Mg = ~4-19%o; Table 4). Several lines of evidence suggest that
these compositions of the WL rim hibonite resulted from chemical and isotopic exchange
with a nebular gas reservoir after the initial stages of WL rim formation. First, the gradual
decrease of dkermanite contents in melilite and the presence of hibonite intergrown with
gehlenite in the mantle edge (Fig. 2) imply a substantial loss of the original Mg during
melting and evaporation. Second, elevated Mg and Ti contents in the WL rim hibonite are
different from Mg-free hibonite with <1 wt% TiO, that formed by evaporation experiments
(Ireland and Esat, 1986; Floss et al., 1996). Third, the Big Guy mantle lacks sufficient Ti-
bearing phases that would be needed for growth of Ti-bearing hibonite from a melt.
Considering the Ti partition coefficient between hibonite and melt (0.8-2.1; Beckett and
Stolper, 1994), hibonite with ~2-5 wt% TiO, (Table 1) would require a melt with at least ~2
wt% TiO,. We did not observe enough perovskite in the mantle to produce a melt with such
high Ti contents. In addition, melting all perovskite present would require extreme
conditions of proloned exposure to very high temperatures (above ~2,000°C) in order to
melt melilite that encloses perovskite. Moreover, a heating event intense enough to melt
perovskite would lead to a significant evaporative loss of Ti from the melt (Floss et al., 1998;
Wang et al., 2001). Finally, the Mg isotopic compositions of WL rim minerals (Table 4) are
inconsistent with any significant Mg isotopic fractionation due to evaporative loss (e.g.,
Floss et al., 1996; Wang et al., 2001; Richter et al., 2002). We therefore conclude that the
observed chemical and isotopic compositions of the WL rim hibonite was achieved by solid-
state re-equilibration with the surrounding gas reservoir having a normal Mg isotopic
composition during or before spinel formation (Simon et al., 2005; Young et al., 2005;
Simon and Young, 2011).

This conclusion is further supported by systematically lower §2°Mg values (~4—7%o) of
gehlenite and hibonite in the mantle edge, relative to melilite and spinel in the mantle
(625Mg = ~9-19%o; Table 4), which requires later Mg isotopic exchange at the mantle edge
with an external gas reservoir after the original CAl formation (Simon et al., 2005; Simon
and Young, 2011; Kita et al., 2012; Bullock et al., 2013). Only one analysis of the WL rim
hibonite adjacent to the mantle melilite shows elevated Mg isotopic fractionation with
625Mg = ~3%o, but most are isotopically light with §2°Mg <0%o (Table 4). This variation
may reflect varying degrees of Mg isotopic exchange with an external isotopically normal
gas reservoir.

4.2.2. Spinel, Melilite, Diopside, and Forsterite: Disequilibrium Gas-Solid
Condensation—Detailed examinations of the WL rim layers from spinel to forsterite give
further clues to the rim formation process. The outer layers of the WL rim consist of spinel,
melilite (Ak<-10), anorthite, diopside, and forsterite (Figs. 1b—c), which become less
refractory outwards from the CAl mantle edge composed of gehlenite and hibonite. In
particular, we observed the fine scale zoning observed in individual melilite and diopside
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grains (Table 2; Figs. 5e-g); melilite increases progressively in dkermanite content outwards,
whereas diopside shows gradual decreases in Al and Ti contents. All minerals are fine
grained (<~5 pm), and share highly curved grain boundaries with each other (Figs. 4-6).
These observations suggest that layers of spinel to forsterite condensed onto hibonite under
highly dynamic conditions, probably at high partial pressures of gaseous SiO and Mg
(Simon et al., 2005; Toppani et al., 2006; Keller et al., 2013).

Following the flash heating event that formed gehlenite and hibonite in the mantle edge,
spinel formed by reaction of hibonite with gaseous Mg, and minor fine-grained perovskite
also formed by incorporating Ca and Ti of hibonite (Wark and Lovering, 1977). Evidence for
such gas-solid reactions to replace hibonite by spinel and minor perovskite is based on (1)
the embayed appearance of hibonite by spinel (Fig. 4a), (2) the presence of abundant
hibonite and perovskite inclusions in spinel (Figs. 1b—c, 4b), (3) the occurrence of elongated
spinel enclosed in some hibonite inclusions in spinel (Fig. 4c), (4) the crystallographic
orientation relationship between perovskite and spinel (Figs. 4g-h), and (5) the rare platy
morphology of spinel in direct contact with the mantle (Fig. 4b). Importantly, hibonite
inclusions in spinel contain stacking defects, showing a variation in lattice spacing (Fig. 4e).
Ideal hibonite consists of a sequence of one spinel block alternating with one Ca-containing
block, resulting in a 2.2 nm wide unit cell parallel to (001) (Nagashima et al., 2010). In
contrast, the local presence of 2.6 nm wide (001) layers in hibonite can be interpreted as
complex intergrowths of stoichiometric and disordered, Mg-enriched hibonite as a result of
the formation of thicker spinel blocks by substitution of Mg with Al in spinel blocks only
(Schmid and De Jonghe, 1983; Han et al., 2015). Hibonite reacted with the nebular gas and
had been partially replaced by spinel under disequilibrium conditions, where kinetic effects
may play a significant role in stabilizing defect-structured hibonite and spinel rather than
hibonite and corundum (Han et al., 2015). The reaction involving hibonite clearly did not go
to completion so hibonite contains wider spinel blocks (i.e., stacking defects; Fig. 4e) and
occurs as a discontinuous layer onto the mantle and as inclusions with perovskite in the
spinel layer (Figs. 4a—d).

Melilite apparently formed after spinel in the Big Guy WL rim, opposite to equilibrium
condensation calculations that predict melilite condensation before spinel (Ebel, 2006). As
inferred from the crystallographic continuity of spinel with hibonite by Han et al. (2015), a
structural similarity between hibonite and spinel (i.e., hexagonal arrangements of O ions in
(002)hibonite and (111)spiner) may have caused Kinetic inhibition of melilite condensation and
instead stabilized nucleation and growth of spinel onto pre-existing surfaces of hibonite
(Beckett and Stolper, 1994). Although direct TEM observations of a crystallographic
orientation relationship between hibonite and spinel were not made in this study, the late
condensation of melilite after spinel could be also supported by the presence of stacking
defects in hibonite enclosed in spinel (Fig. 4e), which represents the structural disturbance of
hibonite due to the formation of wider spinel blocks. Melilite may have begun to condense
onto spinel by reaction of spinel + hibonite with gaseous SiO, Mg, and possibly Ca, and
became progressively more dkermanitic (Yoneda and Grossman, 1995).

Surrounding the melilite layer is a zoned diopside layer with minor spinel concentrated in
the innermost layer (Figs. 5a, ¢). In contrast to other rim minerals, diopside shows large
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compositional variations in Al and Ti contents decreasing away from melilite over very short
distances of <~2 um (Fig. 5f), which has been widely recognized in many WL rims (e.g.,
Wark and Lovering, 1977; Simon et al., 2007; Ito et al., 2010; Zega et al., 2010; Keller et al.,
2013). The highest Al,03 and TiO, contents in diopside are observed at the interface with
melilite along with the complete absence of Ti-rich reactant solid phases (i.e., perovskite)
(Figs. 5a, ¢), suggesting that the earliest stages of diopside formation involved a reaction of
melilite with gaseous Mg, SiO, and Ti to form Al,Ti-rich diopside and minor spinel (Han
and Brearley, 2016; Krot et al., 2017a). As the reaction proceeded, the gas became depleted
in Ti, and the condensing diopside composition evolved outwards from Al, Ti-rich at the
interface with melilite to Al Ti-poor that occurs on the outer part of the pyroxene layer.
Rarely, uniformly Al,Ti-rich diopside grains occur between spinel and melilite (Figs. 4b, 5a,
5c¢), suggesting that both spinel and melilite were partially reacted to form Al,Ti-rich
diopside under disequilibrium conditions.

Our TEM observations confirm that the discontinuous layers of forsterite intimately
intergrown with diospide occurs below the diopside layer (Fig. 6), which were not readily
identified based on the SEM techniques alone due to the well-developed accretionary rim on
Big Guy (Fig. 1). The similar textural relationship between diopside and forsterite in the
outermost WL rims was reported on other inclusions from the same meteorite by Ito et al.
(2010) and Keller et al. (2013). We therefore conclude that the final stage of the WL rim
formation involved the minor condensation of forsterite with diopside over a limited time
after the bulk of the diopside layer had formed. The sharp grain boundaries between the WL
rim and the accretionary rim and their different porosity nature suggest that most forsterite
condensed as a separate event after the WL rim formation and accreted later onto the WL
rim.

Based on combined EBSD and TEM study of the WL rims around melilite-rich CAls from
the Axtell and Allende CV3 chondrites, Bolser et al. (2016) observed numerous pyroxene
and anorthite grains in similar crystallographic orientations as well as epitaxial relationship
between some anorthite and pyroxene grains. In contrast, our analysis of electron diffraction
patterns obtained from the WL rim minerals in all the FIB sections reveals that only a few
diopside grains are in a close orientation, and most minerals are randomly oriented to each
other, consistent with previous TEM studies (e.g., Toppani et al., 2006; Keller et al., 2013).
The inconsistency may have arisen because our FIB sections sampled only up to several tens
of grains, in most cases fewer than 10 grains in each layer, in comparison with >1,000
pyroxene grains and >100 anorthite grains examined by Bolser et al. (2016). A few grains
therefore may have condensed in a similar orientation, possibly in the form of three
dimensional islands onto pre-existing grain surfaces as a result of surface free energy
minimization during high-temperature condensation (Bolser et al., 2016). However, it is
likely that the majority of the WL rim minerals had nucleated and grown in random
orientations onto early-formed mineral surfaces.

4.2.3. Anorthite: Late Nebular Alteration of Melilite and Al-Diopside—Anorthite
occurs as a discontinuous layer between melilite and Al, Ti-rich diopside, often with minor
spinel (Figs. 5b, d). Melilite and diopside in contact with anorthite are corroded and
embayed. Melilite and diopside show distinct composition ranges depending on the presence
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of anorthite between these two phases; at the grain boundaries where anorthite is present,
melilite is less akermanitic, whereas pyroxene has lower Al,O3, slightly higher MgO (Figs.
5f—g; Table 2). These observations imply that anorthite formed later by reaction with melilite
and Al-diopside with gaseous SiO. Incorporation of gaseous Mg may have been necessary to
form diopside and possibly minor spinel. A similar gas-solid reaction involving the
replacement of melilite by fine-grained assemblages of anorthite, diopside, and £spinel was
inferred previously from WL rims in CR chondrites (Krot et al., 2017a) and AOAS in various
carbonaceous chondrite groups (e.g., Han and Brearley, 2015; Ushikubo et al., 2017).

Anorthite lacks evidence for in situ decay of 28Al, consistent with formation at least 3 Ma
after other WL rim minerals in the solar nebula. Matzel et al. (2015) inferred an age gap of
up to 1 Ma between the host CAl and WL rim, based on NanoSIMS measurements from a
uniformly 160-rich (A0 = ~-24%0) Type A CAI MUM-1 in the Murchison CM2 chondrite
that exhibits (26Al/27Al)o ~ 2.0 x 107° for anorthite in the WL rim and (28Al/27Al)g ~ 5.0 x
107> for melilite and spinel in the interior. This potential age gap would require a later high-
temperature event that introduced gaseous SiO and Mg to react with melilite and Al-diopside
to form anorthite with minor diopside and spinel in the WL rim, possibly after formation of
the WL rim forsterite layer. Such an event may have led to condensation of the accretionary
rim forsterite on the exterior of the WL rim. The 160-rich composition of anorthite (A170 =
~=22%o; Fig. 7; Table 3) indicates that it must have formed in the presence of an 160-rich
gas reservoir after the formation of other WL rim layers. A similar conclusion was inferred
by Ushikubo et al. (2017) from a fine-grained CAl G92 in the Acfer 094 chondrite that is
uniformly 160-rich (A0 = ~-23%o), but has anorthite with a distinctly lower (28AI/27Al),
=5.21 x 1078, compared to Al Ti-rich diopside and melilite having (26Al/27Al)g = 5.2 x
1075,

Alternatively, the lack of 26Mg excesses in the WL rim anorthite could have resulted from
Mg isotopic resetting event(s) either in the solar nebula or in the parent body environment.
Previous Al-Mg isotopic studies of many CAls suggested that episodic heating events
repeatedly occurred in the solar nebula (e.g., Kita et al., 2012; MacPherson et al., 2012;
Kawasaki et al., 2019). Anorthite may have formed simultaneously with other WL rim
minerals at (26Al/27Al)g = 4.94 x 107° (Fig. 8a) and later lost its radiogenic 26Mg excesses
during thermal processing in the solar nebula. However, if this was the case, one would
expect complementary phases with anomalously high A26Mg* values that plot well above
the isochron (Podosek et al., 1991; MacPherson et al., 2012) or with a high A26Mg*
intercept (Young et al., 2005; Simon and Young, 2011). Fine spinel inclusions in anorthite
(Figs. 5b, d) could have increased their A26Mg* values by Mg isotopic exchange with
anorthite that had originally 26Mg excesses. However, variations in A26Mg* at the scale less
than a micrometer are impossible to resolve spatially using the ims-1290 ion microprobe.
We therefore cannot completely rule out the possibility that thermal event(s) in the solar
nebula caused a complete Mg isotopic exchange between anorthite and adjacent phases,
such as spinel.

Radiogenic 26Mg excesses in the WL rim anorthite could have been lost due to Mg isotope
diffusive exchange induced by thermal metamorphism on the parent body (LaTourrette and
Wasserburg, 1998; Ito and Messenger, 2010). However, the 180-rich compositions of the
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WL rim minerals, including anorthite (Fig. 7; Table 3), preclude thermal metamorphism, as
discussed in section 4.1, and indicate the preservation of their original Mg isotopic
compositions recorded in the solar nebula. Since O in anorthite diffuses faster than Mg by 2—
3 orders of magnitude at 400-500°C (Ryerson and McKeegan, 1994; LaTourrette and
Wasserburg, 1998), its original O isotope composition would be more effectively disturbed
than its Mg isotopic composition even by mild thermal metamorphism, which is obviously
not the case for Big Guy. Thus, we conclude that the WL rim anorthite represents a nebular
product whose Mg isotopic compositions reflect either delayed anorthite formation after
261 had completely decayed or late-stage thermal event(s) in the solar nebula that erased
completely any evidence for live 26Al in anorthite.

4.2.4. Nebular Conditions for the WL Rim Formation—Collectively, our
observations are interpreted as evidence for two main events to form the WL rim after the
host CAl Big Guy formation: rapid crystallization of gehlenite and hibonite after flash
melting and extensive evaporation of the original CAl edge, followed by a series of gas-solid
replacement reactions to produce spinel, melilite, diopside, forsterite, and finally anorthite.
Implicit is that the formation processes and conditions of the WL rim were different from
those of the CAl interior, as clearly indicated by differences in mineralogical and petrologic
characteristics and chemical and isotopic compositions between the CAl interior and the WL
rim. For example, the relative depletions of V contents of spinel in the WL rim compared to
those in the CAl interior suggest that the WL rim formed under relatively more oxidizing
conditions as V is even more volatile at higher O fugacities (Wark and Boyton, 2001). In
addition, two RMNs in the WL rim show negative Mo anomalies with no or slight negative
W anomalies (Fig. 9), which provide evidence that their chemistry was established at high-
temperatures in a relatively oxidizing region of the solar nebula because Mo and W become
more volatile at increased O fugacities (Fegley and Palme, 1985). As discussed by Simon et
al. (2005), the low 82°Mg values of the WL rim minerals relative to the host CAI (Table 4)
reflect an increase in the partial pressure of Mg (and apparently SiO) during the WL rim
formation. Such nebular conditions (i.e., high temperatures and high gas pressures of Mg,
SiO, and O) may have achieved by local transient heating and subsequent evaporation that
was the very first step for the WL rim formation, as discussed in section 4.2.1, or by rapid
transport into a region of the solar nebula that had been at different conditions than those
during the host CAI formation as a consequence of the solar nebular evolution (Ciesla, 2010;
Boss et al., 2012).

4.3. Timing of the WL Rim Formation

Hibonite, spinel, and diopside measured from Big Guy using the ims-1290 ion microprobe
define a well-correlated isochron corresponding to (26Al/27Al)g = 4.94 x 107> (Fig. 8a). This
ratio represents a timing when nebula-wide thermal processing took place (Liu et al., 2019).
We conclude that there is no discernable age gap between the formation of the CAl interior
and the WL rim; that is, Big Guy crystallized from a melt ~5 x 104 years after the canonical
value was established, and then high-temperature reprocessing that enabled the WL rim
minerals to form occurred very rapidly soon after the CAl interior crystallized. A similar
conclusion was inferred based on indistinguishable (26Al/27Al), ranges of the interior and
the WL rim phases from Type A and B CAls in CV3 chondrites (Simon et al., 2005;
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Cosarinsky et al., 2007; Kawasaki et al., 2019). Differences in (28AI/27Al)q between CAls
and their WL rims were also reported from Type A CAls in CV and CM chondrites
(Cosarinsky et al., 2007; Matzel et al., 2015), suggesting significant age gaps between the
CAl interior and the WL rim formation up to ~0.2 Ma. Collectively, the observed spread in
(28A1/27Al) of WL rims ranging from 4.4x107° to 5.6x107° (Simon et al., 2005; Cosarinsky
et al., 2007; Kawasaki et al., 2019; this study) indicates that episodic high-temperature
events leading to the WL rim formation (and apparently CAI reprocessing after initial
formation by condensation) occurred repeatedly in the solar nebula for a prolonged period of
time at least ~0.2 Ma (e.g., Cosarinsky et al., 2007; Kita et al., 2012; MacPherson et al.,
2012; Ushikubo et al., 2017; Kawasaki et al., 2019).

5. CONCLUSIONS

Our study reveals seven layers in the WL rim from the Vigarano CAl Big Guythat include:
(1) gehlenite in the outermost edge of the mantle, (2) hibonite, (3) spinel with hibonite and
perovskite, (4) zoned melilite (Ak_g_10), (5) anorthite, (6) zoned diopside grading outwards
from Al,Ti-rich to Al,Ti-poor, and (7) forsterite intergrown with diopside just below the
olivine-rich accretionary rim. We conclude that the WL rim formation was initiated by flash
melting and extensive evaporation of the original CAl edge, followed by rapid crystallization
and subsequent gas-solid reactions under highly dynamic conditions (Fig. 10). Here, the
important observations obtained using TEM, NanoSIMS, and SIMS and their implication for
the formation of the WL rim sequence on Big Guy were summarized, as follows:

1. The mantle contains normally-zoned, coarse melilite grains, whereas the mantle
edge consists of fine-grained gehlenite grains that share a common growth
orientation with hibonite and rare grossite. These phases in the mantle edge
likely crystallized rapidly from a thin Ca,Al-rich melt layer that formed at the
original inclusion surface by flash melting in excess of 1,500°C and preferential
evaporation of less refractory elements, Mg and Si, after crystallization of the
original inclusion.

2. The CAI mantle edge composed of gehlenite and hibonite is surrounded by
successive layers of spinel, melilite, diopside, and forsterite, suggesting
sequential condensation of spinel, melilite, diopside, and forsterite. The lower
§2°Mg compositions of the WL rim minerals compared to the CAI interior imply
that the WL rim formed by condensation at increased pressures of Mg (and SiO).

3. Anorthite occurs as a discontinuous layer that corrodes adjacent melilite and
Al Ti-rich diopside, often with spinel. At the interfaces with anorthite, melilite is
less akermanitic, and diopside contains lower Al, but slightly higher Mg
contents. These observations can be interpreted as evidence for an additional,
even later, reaction of melilite and Al-diopside with gaseous SiO and Mg to form
anorthite with minor diopside and spinel, probably after forsterite condensation.

4. All the WL rim minerals including melilite and anorthite are 160-rich (A170 = ~
—23%o), indicating their formation in an 160-rich gas reservoir. Our data are in
contrast with many CV CAls that show heterogeneous O isotopic compositions
across their WL rims.
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5. Our Al-Mg data of the CAl interior and the WL rim define a well-correlated
isochron with (28AI/27Al)y = 4.94 x 107°, indicating their synchronous formation
~5 x 10* years after the canonical value. In contrast, no 26Mg excesses is
observed from the WL rim anorthite, which suggests its later formation or later
isotopic resetting in the solar nebula, after 26Al had decayed.
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Figure 1.
BSE images (a, b) and combined X-ray elemental map (c) in Mg (red), Ca (green), and Al

(blue) of the Vigarano CAIl Big Guy. The CAIl has a core-mantle-rim structure, as separated
by the dashed lines in (a). The region outlined in (a) is shown in detail in (b, c). This
inclusion has a complete multi-layered WL rim mineral sequence (from inside outwards):
(1) gehlenite in the mantle edge, (2) hibonite, (3) spinel with hibonite and perovskite
inclusions, (4) gehlenitic melilite, (5) anorthite, (6) zoned diopside, and finally (7) forsteritic
olivine intergrown with diopside. The solid line in (a) indicates the EPMA traverse across a
single melilite crystal shown in Figure 2c. Abbreviations hereafter: hib = hibonite; pv =
perovskite; sp = spinel; mel = melilite; an = anorthite; di = diopside; fo = forsterite; WL =
Wark-Lovering rim; AR = accretionary rim.
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Figure 2.
(a, b) BF STEM images of the CAl mantle edge composed of oriented gehlenite with minor

fine-grained inclusions of hibonite and grossite. An inset in (a) is electron diffraction
patterns of melilite view down the [130] zone axis, whereas an inset in (b) is electron
diffraction patterns of grossite view down the [312] zone axis. (c) Compositional profile
across a single melilite crystal in the CAl mantle, obtained using EPMA. The traverse was
obtained along the elongation direction of the melilite crystal with a spacing of 2 um
between points. See Figure 1 for the location of the traverse line. Abbreviation: grs =
grossite.
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Figure 3.
BF STEM image of compactly-intergrown hibonite laths with minor melilite inclusions. The

inset electron diffraction patterns are taken from an outlined region in hibonite with the
beam parallel to the [110] zone axis.
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Figure 4.
(a) BF STEM image of highly curved hibonite-spinel interface, as outlined by the dotted

line. (b) BSE image of platy spinel at the interface with the CAI mantle. (c) BF STEM
image of defect-structured hibonite inclusion in spinel that contains elongated spinel. (d) BF
STEM image of elongated perovskite surrounded by spinel. The twinning planes in
perovskite, indicated by arrows, are apparent. (¢) HR TEM image of hibonite that consists of
irregular intergrowths of 2.6 nm (001) spacing within 2.2 nm (001) spacing. The inset Fast
Fourier Transform patterns, indexed as the [110] zone axis, show strong streaking along c*,
consistent with the presence of stacking defects. (f) Electron diffraction patterns of
perovskite, showing a twin relationship between the [100] and [001] zones. Reflections from
the [001] zone are indicated by arrows. (g, h) Electron diffraction patterns of spinel and
perovskite, taken from areas outlined in (d), indicating a crystallographic orientation
relationship between these two phases.
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Figure 5.

BF STEM images (a, b) and corresponding combined X-ray elemental maps (c, d) in Ti
(red), Ca (green), and Al (blue) of the WL rim layers from spinel to diopside, as seperated
by the dashed lines. In (a, ¢), no anorthite is observed between melilite and diopside, and
Al,Ti-rich diopside is locally present onto spinel. Fe-rich amorphous materials are present
along the grain boundaries and cracks. Fine-grained spinel, indicated by arrows, are included
in diopside and melilite (c) and anorthite (d). () Mg profile across the melilite layer,
extracted from the TEM EDX spectrum images outlined in (b). The vertical dotted line in (e)
represents a grain boundary between melilite and anorthite, respectively. (f, g) Al, Ti, and
Mg profiles across the diopside layer, extracted from the TEM EDX spectrum images
outlined in (a, b). The vertical dotted lines in (f, g) represent diopside grain boundaries with
melilite and anorthite, respectively. In these profiles, 0 um is indicated in (a, c). Diopside is
zoned in Al and Ti regardless of whether or not it is in direct contact with melilite. However,
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diopside next to melilite contains higher Al,O3 contents and slightly lower MgO contents,
compared to that next to anorthite. Abbreviation: am = Fe-rich amorphous materials.
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Figure 6.
BF STEM images (a, b) and combined X-ray elemental map (c) in Mg (red), Ca (green), and

Si (blue) of symplectic diopside-forsterite intergrowths in the outermost diopside layer.
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Oxygen isotopic compositions of individual minerals from the Vigarano CAl Big Guy. The
data are plotted on an oxygen three-isotope diagram (6170 vs. §180) in (a) and as deviations
from the terrestrial fractionation line (A170) in (b). The terrestrial fractionation (TF) and
carbonaceous chondrite anhydrous mineral (CCAM) lines are shown for reference.
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Figure 8.
Magnesium isotopic compositions of individual minerals from the Vigarano CAl Big Guy.

The data are plotted on diagrams of AZ6Mg* vs. 27Al/24Mg. (a) Multicollection data of
hibonite, spinel, and diopside. Regression through the data yields a slope corresponding to
(P5AI27Al)g = (4.94 £ 0.12) x 1075 (%2 = 1.8) and an intercept of A%6Mgg* = 0.09 + 0.04%o
(errors are 2o). (b) Monocollection data of melilite from the CAl mantle. Most of the
melilite data points are plotted along with the high-precision isochron having (2Al/27Al)g =
4.9 %1075,
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Figure 9.
Siderophile element concentrations in RMNSs enclosed by hibonite and melilite measured
using TEM EDX. The abundances are normalized relative to Cl chondrites, plotted in order

of increasing volatility. Two RMNSs are enriched in refractory siderophiles by factors of 10%-
10° relative to CI chondrites, but show negative Mo anomalies.
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Figure 10.
Schematic scenario for the WL rim formation on the Vigarano CAl Big Guy. The formation

sequence of the WL rim is described as follows: (0) formation of the host CAl; (1) formation
of a Ca,Al-rich melt layer by flash heating and extensive evaporation of Mg, Si, and possibly
Ca; (2) crystallization of gehlenite, hibonite, and rare grossite; (3) sequential gas-solid
reactions to form spinel, perovskite, melilite, diopside, and forsterite; and (4) parital
replacement of melilite and Al-diopside by anorthite.

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.

Layers formed
by gas-solid reactions



Page 36

Han et al.

9 9 9 9 9 9 L v 6T | suoiue usbAxo Jo 'ON
¥00'v 920V | €00V | 866'€ | ¥86°€ 866'¢ 900°9 000°€ GTO'ET |eloL
) T000 | TOO0 | 2000 ) ¢00°0 €000 ) ¥00°0 BN
¢L6°0 860 | ¢66'0 | 6660 | 0660 156°0 186'T €000 1701 BD
€10'T G860 | 1880 | ST8'0 | 8690 Lev0 ¢60°0 166°0 ¢LE0 BN
) ) “ | 1000 ) ) ) ) T00°0 UN
6000 8T0°0 | €100 | 9000 | 8000 €00 £00°0 ¢100 0v0°0 C=|
0000 ¢00°0 | €000 | SO00 | Y000 9000 ) ¥00°0 T00°0 1D
T00°0 " | 2000 | TOOO ) T00°0 ) €000 2000 N
€200 ¥ET'0 | ¢€C0 | CEE0 | ¥ESO eqT'T 98T 186'T 66T'TT \4
2000 | 8000 | ¥€0°0 | L¥00 | ¥60°0 1900 2000 ¥00°0 GGE0 1L
86T 006'T | G¥8'T | 06L'T | 999'T €9€'T 690°T ¢000 0€0°0 IS
G8'00T | TL00T | 866 | 87’66 | L66G6 15007 ST'66 65°00T ¢T'00T leloL
000 ¢00 100 €00 000 ¢00 | <00 €00 | T00 T00 | €00 ¢00 O%N
6€'Sc | L€GC | 8¥'GC | 99°GC | L€G¢C Ly'ye | G0 8z’ov | ¥0°0 Zro | STO or'8 oed
T0'6T LEBT | 92¢°9T | 86'VT | 98°¢CT 68°L | L00 ¥e'T | ¥C0 0T'8¢ | 0€0 (444 ObIN
000 000 | 000 | 200 | 000 000 | TO0O 100 | 200 100 | T0OO 100 OunN
8¢°0 650 €0 1¢0 9¢'0 €T'T | €00 8T°0 | 820 €90 | 220 44\ 034
100 100 0T'0 91’0 434 ¢¢’0 | 100 000 | ¢00 ¢c0 | 100 100 €0UD
€00 000 | 900 | 200 | 000 200 | 000 100 | €00 GT0 | €00 €00 EoA
50 aT'e 441 ELL | vveT §6'9¢ | 950 T0vE | ¥€0 YO'TL | 6V'T §5'v8 eli\Y
S0°0 0€0 I LT 1243 €¢'¢ | 100 100 | €00 €20 | TLO 0cy ‘oIl
¥S9'SS €8'¢S | LL'0S | 906V | 8¥'SY 8G°LE | €80 ¢C’eC | €00 800 | 9T0 9¢'0 oIS
€ 0z 4 sasA[eue Jo 'ON

aseq o doy as | abesane as | ebessne | ,AS | sbessne
_ auaxoJAd au|jew Jouids ayuoqiy ledauiw

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.

An9 b1g 1D ouelebIA U} WOy S[elauiw Wil A U} JO (%6In) e1ep VINd3S
‘T alqeL
NASA Author Manuscript

NASA Author Manuscript NASA Author Manuscript



Page 37

Han et al.

‘(OT) uoneINSp plepuels
x

_ _ _ 6 (9%l0w) 1
aseq R doy as | ebesane as | ebessne | A4S | abessne
_ _ _ auaxoJAd ETIED Joulds anuoqiy |eJauiw

NASA Author Manuscript

NASA Author Manuscript

NASA Author Manuscript

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



Page 38

Han et al.

‘a11IyLIoUR INOYIM ‘BUuax0JAd Yiim 10eIU09 Ul )

‘19| anuoqly ayy mojaq isnl ‘abipa apuew ay3 ul a)jijaw

T
RIIEN

*
TT g€ 0 (%elow) v
L'e ST (BIN+24)/00T 2
4 9 9 9 9 8 L L 14 € 61 L L | suotue usliAxo jo "oN
8v6'C 756'€ L18°€ G96°€ L€6°€ €€0's 920'S 700§ | 6.6 8e0c | Le6TT 810'S G60'S [eoL
2000 SE0'T 660 T.0T ¥80'T Ly0T 660C 7,07 | 2000 9901 60T 850°'T AN 26}
€v8'T 5v8°0 68€°0 LYE0 vET'0 : 1100 2600 | L1160 €000 9910 - : o
1500 ST0°0 1000 9000 8000 - - 7000 | #1000 - 2000 - 1000 84
- - - - - - - - | €000 - - - - b}
- - - - - - 0 - | €000 - - - - A
- 5200 910 ST0'T S6C'T Ge0'C 2881 v08'T | T€0¢C GT00 | 2€eTT 96°€ 120C [\
- 5000 €T0 Z€T0 86€°0 - 1000 - | 1000 6760 Jad] - - I
50T 620'C G291 v6E'T 810'T 166'T €e0'T €60'T | 000 S00°0 - - G680 IS
00°00T 00°00T 00°00T 8666 00°00T 00°00T 10°00T 6666 | 8666 66'66 | 0000T 96'66 00°00T [e1oL
90°0 LL9T v5'5¢ wie 1692 96°02 85'cy veey | 200 oLey 50'6 1T SLey o®d
1928 0L'ST L €€9 or'e - 910 Ly0 | v6'SC 200 66°0 - - obn
95T 670 20 120 120 - - 00 [ 7120 - 200 - €00 0?4
- - - - - - - - 8T°0 - - - - €040
- - - - - - 100 - 8T°0 . ; . : EOA
- 090 YT LT sr'ee vZ'6C oT'LE vLvE T7'ee | 69CL LS50 L9V8 STLL 26'9¢ eld\7
- 6T°0 08y 6LY 607T - 200 -| 900 €7'SS LTS - - o1L
LY 62’95 867 86°/€ 602 v6'TY §ze g8€z | STO 20 - - 0€'6T e]IS
L 9 01 0z ) 4 4 6 L € 1€ € 8 sasAjeue Jo "ON
BUIAIO auaxoaAd mmcwxo;o_ chm,xota Hmcm.xot& ajyoue mmu____mE jourds | sasisnosed | snuoqiy | ewssosd [eqsuIw

NASA Author Manuscript

NASA Author Manuscript

Ano Bi1g 1w ourtebIA syl WOy S[eIauIw Wwid AN 341 Jo Blep XA3 INTL abeiany

‘¢ slqeL

NASA Author Manuscript

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



Page 39

Han et al.

‘19Ae| auaX0JAd 1SOWIBINO 3y} U1 BUIAIIO D131I31SI0) YNMm umolBisiul %_mﬁ_o_u.NV

‘a)Iy1Iou. Y}IM J0BIUOI Ul mcmxe\a.m
{8]Iy1IOUE INOYIIM ‘B)1]I[3W Y}IM J0BIUO0ID Ul mcwxota.w
‘aM]1]aw pue [aulds usamiaq Juasaid wcmxo:a.w

auUaxolAd
¥

‘s}HyLIoUE YHM 10eju0d ul sjijijsw

NASA Author Manuscript

€

NASA Author Manuscript

NASA Author Manuscript

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



1duosnuey Joyiny YSYN 1duosnuey Joyiny YSYN

1duosnuel Joyiny VSN

Han et al.

Table 3.

Page 40

Oxygen isotopic compositions of individual WL rim minerals from the Vigarano CAl Big Guy, obtained using

NanoSIMS.
mineral spot# | 6180 | 20 | 870 | 20 | AYO | 20
core
spinel 1 -459 | 1.0 | -478 | 22 | -239 | 3.2
spinel 2 -44.7 | 1.0 | -474 | 22 | -242 | 3.2
spinel 3 -42.8 | 22 | 472 | 50 | -25.0 | 7.1
Al,Ti-diopside | 4 =237 | 19 | -272 | 44 | -149 | 64
Al Ti-diopside | 5 -20.7 | 0.9 | -28.0 | 20 | -17.2 | 29
Al Ti-diopside | 6 -186 | 1.9 | -289 | 44 | -193 | 6.3
mantle
melilite 15 19.6 09 |97 22| -05 3.1
melilite 16 154 10| 13 22 | -6.7 3.2
melilite 17 14.1 1.0 | 0.8 22| -65 3.2
melilite 18 19.0 09 | 10.2 20103 2.9
melilite 19 15.4 1.0 | 9.2 22| 1.2 3.1
melilite 20 14.0 1.0 | 40 22 | -32 3.2
melilite 21 0.7 09 | -9.0 20| -93 29
melilite 22 52 10 | -21 22 | -48 3.2
melilite 23 4.6 10 | -1.7 22 | 41 3.2
melilite 24 -128 | 20 | -17.3 | 46 | -10.7 | 6.7
melilite 25 0.6 1.0 | -9.3 22| -96 3.2
melilite 26 -226 | 21 | =332 | 47 | -215 | 6.8
melilite 28 -194 | 20 | -283 | 47 | -182 | 6.8
melilite 29 -19.0 | 20 | -296 | 47 | -19.7 | 6.7
melilite 31 -183 | 09 | -234 | 20 | -139 | 29
melilite 32 -2.9 1.0 | -9.1 22 | -76 3.2
melilite 33 -6.6 19| -174 | 44 | -139 | 6.3
melilite 34 5.7 09111 20 | -19 2.9
melilite 35 4.8 09 | -42 20 | -6.7 29
melilite 36 -5.0 09| -111 | 20 | -85 2.9
melilite 37 -0.8 09 | -7.3 20 | -6.9 29
melilite 38 -9.6 09| -159 | 20 | -109 | 2.8
spinel 27 -379 | 1.0 | -404 | 24 | -208 | 34
spinel 30 -38.0 | 1.0 | -418 | 24 | -221 | 34
WL rim
hibonite 39 -50.7 | 0.9 | -494 | 21 | -23.0 | 3.0
hibonite 40 -50.7 | 0.9 | -52.0 | 21 | -25.7 | 3.1
spinel 41 -50.7 | 0.9 | -52.0 | 21 | -25.7 | 3.1
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mineral spot# | 6180 | 20 | 870 | 20 | AYO | 20
spinel 42 -457 | 1.0 | -46.8 | 22 | -23.0 | 3.2
spinel 43 -408 | 23 | -475 | 52 | -263 | 74
melilite 45 -38.7 | 1.0 | -40.1 | 22 | -20.0 | 3.1
anorthite 46 -36.6 | 09 | -408 | 21 | -21.8 | 3.1
diopside 47 -40.0 | 0.9 | -41.7 | 21 | -209 | 3.0
diopside 48 -40.0 | 0.9 | -418 | 21 | -21.0 | 3.1
diopside 49 -385 | 1.0 | -429 | 22 | -229 | 3.2

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.

Page 41



Page 42

Han et al.

60'T LLVT 8T'€ 0S'€- 00 9T'¢ yew ST0 L2, (0)40] [AWA 00 99'6T ey

960 09T JAN4 ¢6€- €00 00¢ gcu €20 2¢s9 150 ve'L 200 SE'0C wcu ayuoqly

6T 8¢'L1T 6EY Lye- 00 66°T [44% 700 €€'6 170 (4" T00 19C y1s

09T T0'LT 96 60°€- S00 16'T Tew 700 Y16 €10 70T T00 96¢ €Ts

8e'T 96°8T 43 80— 900 (01594 ocw S0°0 '6 170 0Tt T00 §5°¢ 45

860 298 87'¢ 0.9 00 6€'8T 6TW 100 vZ'6 870 7T T00 69¢C TTS

ST 0€'s 1443 LLTT 820 v.'GE e STW S0°0 168 €10 90T T00 65¢C 0TS

0T'T 998 a4 €9 70 86°€C LTl S00 6T'6 €10 S0'T T00 €9¢C 6S Jauids

v0'T 06'6 Sv'e T19'S €00 8¢°0¢ oTw SaueiN

€TT 198 19°¢C Sv'9 00 8T STWw 10 v€'6 €0 190 T00 14%4 13

cL0 268 LL'T qG'€ 00 16°'TT yiw €T0 ¥0'6 0€0 0.0 T00 18¢C 9

9T 118 66C 28’8 70 99'6T eTw 9T'0 068 9€'0 €0'T T00 6L¢C o1

0T'T G496 6v'¢c €6V S00 LT'8T T 9T'0 cT'6 €0 S6°0 T00 yAa4 12}

62T 186 66C 289 100 LT'8T TTw €10 698 €0 70T T00 6€¢C €}

680 €07 L2'¢ 06'€ 700 9¢€'qT oTw 10 068 9€'0 (4" T00 Te 2

960 6€°0T 8€¢C 119 S00 ¥8'GT 6w €10 6€'6 €0 080 T00 [4: x4 12 apisdoip-111v

280 9.CT 80¢ G8'0— 00 124°] sw S00 0T'6 €10 160 T00 €49¢C 8s

080 [AxAl 8T'¢ 950 00 1494 Lu 900 126 10 980 T00 8¢ JA

€T 886 00€ 0T'L 800 €0'8T qwi 600 or'6 6T0 S0'T T00 §qG6'¢ 9s

80°¢ 26'0T €0'S 8L°0T 451} 18°0C Sw 100 176 LT0 80T T00 €9¢C as

080 G8'€T 16T 8L'T- 100 €L¢C yw S00 0€'6 €10 160 T00 €49¢C s

€6°0 66°€ 10C 2] S0°0 L9'v¢ oW 900 €9'6 ST0 680 T00 414 €s

1T v6'€ €T'e 69°0- 610 69°0T e CU 900 95'6 ST0 0T T00 414 s

v0'T 0¢'6 €e¢C 96, 00 T0¢C Tw sljljsw 900 206 €10 960 T00 0S¢ T8 Jauids
ETTEIY 210D

uo1398||020UOW U01398][0913INW
o7 | (%) BV | oz | %) BWeV | o7 | BNV, | #10ds [edauiw o7 | (%) Binge | oz | (%) BNV | oz | BNV, | #10ds [edauiw

‘agoado.oiw uol 0gZT-swi ay) Buisn paulrelqo AN b1g 1D OueIeBIA 3yl WO Sfeaulw Wil TAA [enpiAlpul Jo suonisodwod a1dolosi wnisaubep

NASA Author Manuscript

‘v alqeL

NASA Author Manuscript

NASA Author Manuscript

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



Page 43

Han et al.

“1aAe| 81Uy BY) JO BoUEISIP W G~ B UIYNM BJe §TW puR ‘SW ‘ZwW

*¥

(LT pue 9Ts) anuoqiy 1o (gy pue zy) sujilpw yum Guiddesano Joutiy
*

v8'T €9 1R 16T~ 6v0 | L9€T ge
VT 19'9 92'e vSz- sTo | ovor ze
5l'e ISY 86'9 550 eve | 1528 Te aMyUoue 60°0 09T 220 0T'0- 100 £e0 D
Wi M 170 10'0- 520 220 100 £ro e apisdolp
v9'T Z6'€T 66' 8LTT 670 | o08'SE sew 500 ST~ €10 ITT 100 292 61s
N> 1501 96'9 vr'ST 690 | 2rss vew 10 99'T- 20 66T £0°0 86 AN
€T S€T 59'G ve'e 800 | 05.T gew 100 Sy T- 1T0 2T 100 zee 918
19¢C 9e'TT w9 209 L00 €91 cew 900 ¥8'0— 10 180 T00 69C qTs |auids
09 ET'TT 99' 8y 100 | 6e9T Tew 4] IST- 120 €62 100 €28 L84
€8T 5201 6ey 807 900 | szvT ogw 120 1610~ 190 15°0T vT0 | €62 Wy
29T €9'TT 59°e 080 £0'0 679 W 610 15T~ 250 &Ll v00 | L9%€e 9y
L0 L6'TT £0Z 970 £0'0 8% szw 0g0 80'2- 0 8r'eT €00 | 8L9¢ sy
vS'T zeel e 62°0- 90'0 VTS Jew 810 182 S0 8e's z00 | z9ee Y
6ET ST 80°€ 0Z°0- £0'0 02’ 9zw ST 176~ 8€0 297 z00 | szer Ty aluoqy
SZT 8z'eT oT'e LT~ £0°0 et Sew Wi I
uol1ds|jooouow uolds|joon|nw
o7 | (%) BNV | oz | (%) BWoV | oz | BN/Iv, | #10ds [eJauiw oz | (%) BNge | oz | %) BNgV | o7 | BN/, | #10ds [eJauiw

NASA Author Manuscript

NASA Author Manuscript

NASA Author Manuscript

Geochim Cosmochim Acta. Author manuscript; available in PMC 2021 January 15.



	Abstract
	INTRODUCTION
	METHODS
	Mineralogy and Petrology
	Oxygen Isotopic Measurements
	Magnesium Isotopic Measurements

	RESULTS
	Mineralogy and Petrology
	Gehlenite in the Mantle Edge
	Hibonite
	Spinel
	Melilite
	Anorthite
	Diopside and Forsterite

	Oxygen Isotopic Compositions
	Magnesium Isotopic Compositions

	DISCUSSION
	High-Temperature Nebular History of the WL Rim
	Formation Sequence of the WL Rim
	Gehlenite and Hibonite: Flash Melting and Evaporation
	Spinel, Melilite, Diopside, and Forsterite: Disequilibrium Gas-Solid Condensation
	Anorthite: Late Nebular Alteration of Melilite and Al-Diopside
	Nebular Conditions for the WL Rim Formation

	Timing of the WL Rim Formation

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

