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ABSTRACT

Amoeboid olivine aggregates (AOAs) from the Kainsaz CO3.2 chondrite were analyzed
using transmission electron microscopy in order to gain a more complete understanding of
thermal metamorphism on the parent body and the role of fluids during metamorphic heating.
The Kainsaz AOAs are dominated by strongly zoned, fine-grained, olivine grains (Faz-31) with
heterogeneous Fe enrichments along the grain boundaries, which are interpreted as the result of
Fe?*-Mg?* interdiffusion with the matrix during thermal metamorphism. However, our diffusion
calculations show that such AOA olivine zoning and compositions cannot be produced by a
simple diffusional exchange during metamorphic heating, unlike chondrule olivine zoning and
compositions. In addition, fine-grained ferroan olivine overgrowths occur heterogeneously in

crystallographic continuity with olivines on the AOA exteriors. The overgrowths (Fas3-3s) are
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compositionally distinct from the underlying AOA olivines and are not fully equilibrated with
the matrix olivines (Fa-20.s5). The ferroan olivine overgrowths likely formed by precipitation
from fluids in an epitaxial relationship with forsteritic olivine on the edges of AOAs. Texturally
and compositionally diverse chromite grains are also observed along olivine grain boundaries, in
olivine grains, and in pore spaces between olivine grains. They share a similar crystallographic
orientation relationships with adjacent olivine, suggestive of their formation by exsolution and/or
epitaxial growth. Collectively, these observations provide evidence for the mobilization of Fe,
Mg, Si, Cr, and Al in the presence of fluids along olivine grain boundaries and into olivine grains
during thermal metamorphism. We conclude that in Kainsaz AOAs, the strong zonation
development in individual olivine grains and the formation of ferroan olivine overgrowths and
chromite grains were a fluid-driven process that occurred at relatively low temperatures
(<500°C), during the cooling history of the CO3 chondrite parent body, following the peak of
thermal metamorphism.

Keywords: Amoeboid olivine aggregates, transmission electron microscopy, thermal

metamorphism, fluid, CO3 chondrites.

1. INTRODUCTION

The CO3 chondrites are the only carbonaceous chondrite group that has been proven to
show a well-defined sequence of increasing degree of thermal metamorphism based on a diverse
range of petrologic and mineralogical characteristics (e.g., McSween, 1977; Scott and Jones,
1990; Sears et al., 1991; Chizmadia et al., 2002; Grossman and Brearley, 2005; Bonal et al.,
2007; Kimura et al., 2008; Imae and Nakamuta, 2018). Based on the compositions of olivine and
pyroxene in chondrules and the degree of textural recrystallization from six CO3 chondrites,
McSween (1977) first stated that CO3 chondrites comprise a metamorphic series: stage I, I, and
I11. Later, Scott and Jones (1990) refined the metamorphic subtypes 3.0 to 3.7 using the
distribution of FeO contents in olivine and pyroxene and minor element compositions in Fe,Ni
metal. Chizmadia et al. (2002) focused on amoeboid olivine aggregates (AOASs) to quantify the
effects of thermal metamorphism on CO3 chondrites in view of the fact that AOAs are sensitive
indicators of alteration due to their fine-grained nature. Based on the systematic change in
thickness of ferroan olivine veins and olivine compositional distributions, Chizmadia et al.

(2002) refined the metamorphic subtypes 3.0 to 3.8 and suggested that the subtypes of all other
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CO3 chondrites assigned by Scott and Jones (1990) should be increased by 0.1, except for CO3.0
chondrites such as Allan Hills (ALH) A77307, Colony, and Yamato (Y) 81020. There are some
differences in the petrologic subtype of individual CO chondrites depending on the classification
scheme used, but overall there is generally good consistency between the petrologic sequences
based on different classification techniques.

The Kainsaz CO chondrite was originally classified as Type | in McSween (1977) and
later assigned as petrologic subtype 3.1 by Scott and Jones (1990). However, more recently this
meteorite has been classified as subtype 3.2 in the literature, as recommended in the Meteoritical
Bulletin Database. This assignment was also suggested by Grossman and Brearley (2005), based
on a comparison with systematic variations in Cr content of ferroan olivine in type Il chondrules
from ordinary chondrites, consistent with Chizmadia et al. (2002) and most other studies of
silicate and metal compositions (e.g., Sears et al., 1991; Tomeoka and Itoh, 2004). In the
following, we assign Kainsaz as petrologic subtype 3.2.

The progressive changes in mineralogy, chemistry, and isotopic composition with
increasing petrologic subtype from 3.0 to 3.8 in CO3 chondrites have been attributed to complex,
combined processes of fluid-driven metasomatism and thermal metamorphism on asteroidal
bodies (Brearley and Krot, 2013 for a recent review). These effects include, for example, the
formation of secondary alteration products such as nepheline, replacing primary melilite and
anorthite in Ca-Al-rich inclusions (CAIls) in Kainsaz and Ornans (C0O3.4). This alteration is
correlated with the development of bimodal oxygen isotopic compositions of spinel and diopside
enriched in %0 and melilite and secondary minerals depleted in *O, compared with the
uniformly ®O-rich phases such as hibonite, melilite, spinel, diopside, and anorthite in CAls in
the CO3.0 chondrites Colony and Y81020 (Wasson et al., 2001; Itoh et al., 2004). A progressive
heavy oxygen-isotope enrichment along with the addition of FeO in melilite are also positively
correlated with petrologic subtype in CO3 chondrites (Wasson et al., 2001; Itoh et al., 2004).
These studies suggest that CO3 chondrites were subjected to metasomatism generating Fe- and
Na-rich minerals in CAls during thermal metamorphism and that oxygen isotopic exchange with
a fluid on the parent body changed the composition of minerals in CAls from *O-rich to 1°0-
poor.

In CO3 chondrites, AOAs are very fine-grained (Chizmadia et al., 2002; Han and
Brearley, 2015, 2016) and thus are sensitive recorders of the effects of parent body
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metasomatism and metamorphism, particularly at the very earliest stages. In this study, we
present textural, mineralogical, and chemical observations of AOAs from Kainsaz using
transmission electron microscopy (TEM) and compare them with the primary nebular record of
AOAs in ALHA77307 presented in Han and Brearley (2015, 2016). Chizmadia et al. (2002)
described the incipient formation of ferroan olivine along grain boundaries in AOAs from the
C03.2 chondrites Kainsaz, Rainbow, and Y82050 as a response to fluid-assisted thermal
metamorphism. Based on these observations, we focused on AOAs in Kainsaz, which is a fall
and hence has not been affected by terrestrial alteration, unlike Rainbow and Y82050. The goal
of this study is to provide a comprehensive understanding of how secondary parent body
alteration modified the primary mineralogy and textures of AOAs that formed in the early solar
nebula and hence obtain insights into the processes and conditions of parent body alteration that
affected Kainsaz AOAs. We examine the formation history of ferroan olivine and associated
phases in the AOAs that has important implications for the role of fluids during parent body

alteration.

2. ANALYTICAL METHODS

We located 101 AOAs from an area of ~30 mm? of a thin section of Kainsaz (i.e., 3.4
inclusion/mm?), using a mosaic of backscattered electron (BSE) images and full elemental X-ray
maps of the thin section obtained using a FEI Quanta 3D field emission gun scanning electron
microscope (SEM)/focused ion beam (FIB) instrument fitted with an EDAX Apollo 40 SDD
energy dispersive spectroscopy (EDS) system with Genesis software at the University of New
Mexico (UNM). Individual AOAs were characterized in detail using the same instrument.
Quantitative wavelength-dispersive spectrometer analyses of olivine in Kainsaz AOAs were
obtained using a JEOL JXA-8200 electron probe micro-analyzer (EPMA) at UNM. All analyses
were obtained using a 15 kV accelerating voltage, 20 nA beam current, and a focused 1-um
beam. Elemental calibration was carried out using CM Taylor Company Microprobe Standards
as follows: Na on albite, Mg and Si on olivine, K on orthoclase, Ca on diopside, Ti on rutile, V
on V metal, Cr on chromite, Mn on spessartine, Al on orthoclase or corundum, and Fe on olivine
or almandine. Data were reduced using the modified ZAF correction procedure. EA1 includes
the full EPMA data set of AOA olivine compositions from Kainsaz, as well as ALHA77307
reported in Han and Brearley (2015), used for this study.
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In this study, four AOAs (08, 16, 34, and 75; Figs. 1-2), which contain well-developed
FeO-rich veins along olivine grain boundaries, were selected for a detailed TEM study. A total of
five FIB section were prepared across several olivine grains on the AOA edges, using the FEI
Quanta 3D field emission gun SEM/FIB instruments at UNM and NASA Johnson Space Center
(JSC). Initially, each FIB section from three AOAs 08, 34, and 75 were studied using a JEOL
2010 high resolution TEM and a JEOL 2010F field emission gun scanning TEM at UNM. Later,
two FIB sections from one AOA 16 were examined using a JEOL 2500 SE field emission
scanning TEM at NASA JSC. All TEMs were operated at 200 kV. Characterization of the
microstructures and mineralogy of the FIB sections was carried out using various TEM
techniques such as bright-field TEM (BF-TEM), high-resolution TEM (HRTEM), bright-field
and dark-field scanning TEM (BF- and DF-STEM), and electron diffraction. Digital TEM
images were acquired and processed using GATAN Digital Microscopy Suite imaging software.
In addition, quantitative microanalyses were obtained using an Oxford INCA 200 energy
dispersive X-ray (EDX) spectroscopy system with Oxford Pentafet ultrathin window detector at
UNM and a Thermo-Noran thin window EDX spectrometer at NASA JSC. Data were reduced
using the Cliff-Lorimer thin film approximation using experimental and theoretical k-factors, and

are present in EAL.

3. RESULTS

3.1. Petrology and mineralogy of Kainsaz AOAs

In Kainsaz, AOAs are typically irregularly-shaped and porous objects that range in size
from 25 pum to 650 um. The AOAs in Kainsaz are dominated by olivine (Fa-1-22) with minor
Ca,Al-rich phases and Fe,Ni metal. The textural relationships between olivine and other
constituent phases in Kainsaz AOAs are generally similar to those in ALHA77307 described in
Han and Brearley (2015, 2016) and are consistent with the observations of Chizmadia et al.
(2002). Here we describe the characteristics of olivine in Kainsaz AOAs that differ from those
observed in ALHA77307 and that may reflect the effect of secondary alteration processes on the
parent body.

Kainsaz AOAs commonly show Fe enrichments at their edges. Individual olivine grains
in most AOAs are rimmed by thin ferroan olivine veins, up to 3 um in width, which tend to be

restricted to olivine grain boundaries and preexisting cracks (Fig. 1). Similarly, Chizmadia et al.
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(2002) observed the presence of abundant thin ferroan olivine veins rimming forsteritic olivine in
AOA:s from the CO3.2 chondrites Kainsaz, Rainbow, and Y82050. However, there are variations
in the degree of Fe enrichments along the olivine grain boundaries between and within individual
AOAs. For example, AOA 08 is partially rimmed by distinctly more FeO-rich, more equilibrated
olivine (up to 5 um in width) at one edge, while its interior and another edge show very narrow
Fe enrichments up to 0.5 pm in width along olivine grain boundaries (Fig. 1a). Thick FeO-rich
olivine rims appear rare, but most AOAs show similar widths of narrow ferroan olivine veins
rimming forsteritic olivine grains throughout each inclusion (Figs. 1b-c). In addition, AOA 16
appears to consist of two separate inclusions (Fig. 2); one region contains all olivine grains with
well-developed Fe enrichments along their rim, whereas another has olivine grains only in the
outermost region that show Fe enrichments along their rim. This heterogeneous development of
ferroan olivine veins along the olivine grain boundaries within and between individual AOAs has
not been described before, probably due to the limited number of AOAs in CO3.2 chondrites
studied by Chizmadia et al. (2002).

Overgrowths of very fine-grained, fibrous or platy ferroan olivine grains are sometimes
heterogeneously developed on forsteritic olivine grains at the edges of AOAs (Figs. 3a-b).
Occasionally, ferroan olivine overgrowths partially fill void space in the interior of AOAs (Fig.
3c). These overgrowth grains are usually elongated normal to the surface of the host olivine
grains and vary in length with a range up to 5 um. This variation can be observed from individual
olivine grains that have thick overgrowths on one surface (i.e., favored in one crystallographic
orientation), but very thin on the other (Fig. 3a). Many of the elongated ferroan olivine
overgrowths on the same surfaces of the host olivine grains are aligned parallel to each other
(Fig. 3b). There are sharp compositional boundaries between the ferroan olivine overgrowths and
the host olivines, as indicated by abrupt contrast changes in BSE images. Bright, thin layers
(<0.5 pum in thickness) or fine grains (<1 um in size) are often observed along these boundaries
(Figs. 3b-c), suggesting the presence of high-Z materials (e.g., chromite).

Our electron microprobe analyses of olivine in Kainsaz AOAs show a compositional
range of Fai2.215 (Fig. 4; EAL). This range is consistent with that reported in Chizmadia et al.
(2002), despite the larger number of measurements in this study. None of the analyses have
compositions very close to forsteritic olivine composition (e.g., Fa<1) that occur in ALHA77307

AOAs, probably due to our biased selection of the analyzed AOAs that contain well-developed
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ferroan olivine veins and beam overlap between the cores and rims of olivine grains. Kainsaz
AOA olivines contain TiO2, Al,Oz, Cr.03, MnO, and Na>O contents <1 wt%, which are similar
to those in ALHA77307 AOAs. However, the majority of Kainsaz AOA olivines have Cr.0O3
contents <0.1 wt% with a peak at 0-0.05 wt%, whereas most ALHA77307 AOA olivines have
Cr203 contents >0.05 wt% with a peak at 0.1-0.15 wt% (Fig. 5). Such a reduced variability in
Cr203 contents in AOA olivines with increasing petrologic subtype was also observed by
Chizmadia et al. (2002). In addition, Kainsaz AOA olivines show a slightly wider range of MnO
and NaO contents (Fig. 6). There is a close correlation between MnO and fayalite contents in
Kainsaz AOA olivines, consistent with McSween (1977), but in contrast to ALHA77307 AOA
olivines (Fig. 6a).

We were not able to obtain accurate electron microprobe measurements from ferroan
olivine overgrowths on Kainsaz AOAs due to their fine-grained nature. Our SEM EDS analyses
indicate that these ferroan olivine overgrowths are more FeO-rich (Fa-25-35) relative to the AOA

interiors, but no pure or nearly endmember fayalite compositions were observed.

3.2. TEM observations of four Kainsaz AOAS

Olivine in the five FIB sections from four Kainsaz AOAs has common textural
characteristics. Figure 7 is a mosaic of DF-STEM images showing representative textures of
olivine grains from AOA 08. All FIB sections consist of dense aggregates of randomly-oriented
olivine grains with straight or slightly curved grain boundaries and well-developed 120° triple
junctions, indicating highly equilibrated textures. Minor pores and/or cracks are present in all
FIB sections. The overall size of olivine grains is ~0.5-8.5 um, mostly less than 5 pm, and each
FIB section shows very similar ranges. Olivine grains have no evidence of strain and are almost
free of defects.

Individual olivine grains are strongly zoned with a broad range of Fa-2-31; the fayalite
content decreases rapidly over distances of <1 um from the grain edges towards the interior and
then is relatively constant towards their centers (Figs. 8, S1). Individual olivine grains within and
between AOAs display different ranges of fayalite contents, but the degree of Fe enrichment
generally increases towards the AOA peripheries. However, minor olivine grains with a size <
~1 pm are uniformly Fe-enriched (Fa-20) from their core to rim. In comparison, ALHA77307

AOAs contain nearly pure forsterite only (i.e., Fa<t with mean Fao.1), as confirmed by previous
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TEM studies (Han and Brearley, 2015, 2016).

At the edge of AOA 16, micron-sized, platy ferroan olivine grains form overgrowths on
the host olivine grains, as indicated by BSE image (Fig. 2b). The interfaces between these two
olivine grains are slightly curved and embayed toward the host olivine grains. We also observed
ferroan olivine overgrowths, with a size up to ~400 nm, on forsteritic olivine grains at the edge
of AOA 75, which were not detected by BSE imaging. Electron diffraction analyses and
HRTEM imaging confirmed that both host olivine grains and ferroan olivine overgrowths are in
crystallographic continuity. For example, in AOA 16, the ferroan olivine overgrows along the c
axis, which shares the c direction of the underlying host olivine grain. The ferroan olivine
overgrowths and the host olivines are compositionally distinct (Fig. 9), and the former has higher
ranges of fayalite (Fasz-3s) and MnO (0.2-0.5 wt%) contents, relative to the latter that shows
larger variations in both contents (Fa<z1, <0.3 wt% MnQO). A good correlation between MnO and
fayalite contents is observed from their host to overgrowth olivines. Similar compositional
relationships were also observed from fayalitic overgrowths rimming isolated fosteritic olivine
grains in matrix in carbonaceous and ordinary chondrites (e.g., Weinbruch et al., 1990; Weisberg
et al., 1997; Weisberg and Prinz, 1998; Krot et al., 1997, 2000, 2004; Doyle et al., 2015; Simon
etal., 2019).

3.2.1. Occurrence of chromite grains

Within all FIB sections, numerous chromite grains are found to be spatially associated
with FeO-rich olivine in Kainsaz AOAs. The Fast Fourier Transform (FFT) analyses of their
HRTEM images are consistent with the spinel structure. The chromite grains occur in four
textural types (Figs. 10-13). First, abundant, elongated chromite nanoparticles <200 nm in size
commonly decorate olivine grain boundaries (Figs. 10a-c) and occasionally crosscut olivine
grains in the AOA interiors. The abundances of these nanoparticles generally increase towards
the outer regions of the AOAs. The nanoparticles are all aligned along individual grain
boundaries and share the same crystallographic orientation relationship with adjacent olivine:
olivine//(111)chromite, Dotivine//[112]chromite, aNd Colivine//(110)chromite (Figs. 10d-f). These
crystallographically aligned nanoparticles, with Fe,Cr-bearing sulfide grains, also occur along
the interfaces between the ferroan olivine overgrowths and the host AOA olivine grains (Fig.

11a) and correspond to the bright, thin layers or fine grains in BSE images (Figs. 3b-c).
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Weisberg et al. (1997) also noted that, in matrix of the Krymka LL3.1 chondrite, bright, thin
layers at the boundaries between fayalitic olivine overgrowths and forsteritic olivine substrates
consist of chromite crystals in crystallographic alignment but did not report any specific
orientation relationships between chromite and either of the olivines. Second, chromite lamellae,
<0.1 um in thickness and <1 um in length, occur in ferroan olivine overgrowths at the AOA edge
(Figs. 11a-b). They are elongated normal to the interfaces between the host olivine and ferroan
olivine overgrowth and are oriented parallel to the c axis of the surrounding olivine overgrowth,
as well as the AOA olivine because of the crystallographic continuity between these two
olivines. Importantly, we found the same crystallographic orientation relationship from this
occurrence of chromite with respect to olivine: aoiivine//(111)chromite, Dotivine//[ 112]chromite, and
Colivine//(110)chromite (Figs. 11c-f). Third, pores and cracks are partially filled with chromite grains
that show various morphologies from rounded to elongated. Rarely, elongated chromite laths
(<500 nm in length) grew into pores and are elongated normal to the exposed surfaces of olivine
grains (Fig. 12). A set of the chromite laths along a single olivine grain boundary share their
elongation direction with the c axis of underlying olivine. TEM EDX analyses indicate that these
laths are surrounded by a thin layer of FeO-rich olivine. Finally, equant chromite grains <500 nm
in size occur as inclusions in olivine grains, but no crystallographic orientation relationships
between these two phases were observed (Fig. 13).

Analytical electron microscope analyses show a notable compositional variation between
different textural types of chromite in Kainsaz AOAs. The thin, elongated chromite crystals, both
in ferroan olivine overgrowths and in voids, are compositionally close to FeCr,0a, but only the
grains in the overgrowths contain <3 wt% Al20s. In contrast, the chromite grains along olivine
grain boundaries and in olivine grains are (Mg, Fe)(Al, Cr)2.04 with variable amounts of Al203
and MgO. However, we were not able to determine the precise compositions, particularly the
MgO and FeO contents, of these chromite grains due to their fine grain size and the considerable
X-ray contributions from the host olivine. The X-ray peak intensities for Fe and Mg in TEM
EDX spectra measured from the chromite grains along olivine grain boundaries and in olivine
grains are different from those from the surrounding olivine, confirming the presence of both
elements in them. There appear to be no detectable systematic variations in FeO contents in the
chromite grains with distance from the AOA edge. In addition, olivine associated with the

chromite grains contains uniformly low or no detectable Cr.O3 (<0.2 wt%), and no detectable
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Al>Oz. Therefore, the varying intensities of X-ray peaks for Al and Cr in TEM EDX spectra
result solely from the chromite grains along olivine grain boundaries and in olivine grains. Their
Al>O3 contents appear to vary up to ~20 wt% where the grains occur near (altered) refractory
Ca,Al-rich components, but in most cases contain <3 wt% Al>O3. We were able to determine
atomic Cr/(Al+Cr) ratios of ~0.6-0.9 from three chromite inclusions (~200-350 nm in size) in
olivine grains. However, the chromite nanoparticles (<200 nm in size) along olivine grain

boundaries were too small to obtain reliable concentrations of Cr and Al.

4. DISCUSSION

Kainsaz AOAs show mineralogical and chemical characteristics that are distinctly
different from ALHA77307 AOAs, as follows: (1) the ubiquitous presence of strongly zoned
olivine grains with Fe enrichments near their rim and along cracks (Figs. 1-2, 8, S1); (2) the
heterogeneous ranges of fayalite contents in individual olivine grains (Fig. 4); (3) the narrower
range of Cr203 contents in olivine (Fig. 5); (4) the wider ranges of MnO and NazO contents in
olivine (Fig. 6); (5) the correlation between MnO and FeO contents in olivine (Figs. 6a, 9); (6)
the formation of FeO-rich olivine overgrowths on the edges and in the pores of AOAs (Figs. 3,
11); and (7) the presence of abundant chromite grains (Figs. 10-13). These observations can be
interpreted as the combined and complex effects of metasomatism and metamorphism in the
CO3 chondrite parent body environment where a fluid was capable of a mobilization of Si, Al,
Cr, Fe, and Mg, and, to lesser degrees, Mn and Na at relatively low temperatures (<500°C). In
the following discussion, we examine in detail the conditions of metasomatism and

metamorphism that affected the mineralogical and chemical evolution of Kainsaz AOAs.

4.1. Metamorphic effect on olivine in Kainsaz AOAs

The Fe enrichments in olivine at their rims, especially near the AOA edges, and along
cracks are easily visible in BSE images (Figs. 1-2) and revealed in detail from compositional
profiles determined by TEM EDX analysis (Figs. 8, S1). The Fe enrichments in olivine described
in CO3 chondrites have been interpreted as indicators of Fe?*-Mg?* diffusive exchange between
matrix and other components during thermal metamorphism (McSween, 1977; Scott and Jones,
1990; Chizmadia et al., 2002; Grossman and Brearley, 2005; Bonal et al., 2007; Imae and
Nakamuta, 2018). This diffusion process appears to be widespread and affected AOAs as well as

10



311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

341

other silicate components throughout the whole range of CO3 chondrite petrologic subtypes.
However, the heterogeneous development of Fe enrichments between and within individual
AOA:s in Kainsaz (Figs. 1-2) indicates that there were highly localized variations in the degree of
compositional equilibration in olivines. In particular, olivine grains on the AOA edges show a
higher degree of Fe enrichment along their rims, compared to those in the interiors, and some
AOA: s are rarely surrounded by a more equilibrated, FeO-rich olivine rim (Fig. 1a), implying that
the degree of equilibration depends on distance from the edge of AOAs, where Fe started to
diffuse in from the matrix. A significant variability in olivine compositions within and between
AOAs and chondrules was observed even in CO3 chondrites of the highest petrologic subtypes
(e.g., Scott and Jones, 1990; Chizmadia et al., 2002). This suggests that complete compositional
equilibration during thermal metamorphism was never achieved in the CO3 chondrite parent
body, although equilibrium appears to have been approached on a local scale, and that AOAs in

Kainsaz have not lost their primary nebular signatures completely due to thermal metamorphism.

4.2. Diffusion modeling for olivine thermal history

We carried out Fe?*-Mg?* interdiffusion modeling for olivine equilibration to constrain
the metamorphic history necessary to produce the zoning profiles observed from AOA olivines
in Kainsaz. Our modeling approach is similar to that used by Jones and Rubie (1991) and
presented in detail in EAZ2. In this study, four olivine components were considered (Table S1):
(1) AOA olivine with minor diopside, (2) type I chondrule olivine with or without a low-Ca
pyroxene rim, (3) type Il chondrule olivine, and (4) fine-grained matrix olivine. We used the
zoning profiles of chondrule olivines measured from ALHA77307 by Jones and Rubie (1991),
which represent the initial, un-metamorphosed compositions, and from Kainsaz by Schwinger et
al. (2016). The CO3 chondrite parent body was assumed to have cooled for 2-3 Ma (e.g., Doyle
et al., 2015) from a peak metamorphic temperature of ~500°C (Jones and Rubie, 1991;
Busemann et al., 2007; Cody et al., 2008; Schwinger et al., 2016; Imae and Nakamuta, 2018)
down to 300°C below which no more effective diffusion occurs. Our results are in good
agreement with previous modeling results of the zoning profiles observed from chondrule
olivines (Jones and Rubie, 1991; Schwinger et al., 2016) and can therefore be applied to those
obtained from olivines in Kainsaz AOAs for this study. The calculated zoning profiles of

olivines are shown in Figures 14-15.

11
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4.2.1. Olivine in chondrules and matrix

Our diffusion calculations for the chemical evolution of olivine in chondrules and matrix
during thermal metamorphism are in general agreement with previous studies (Jones and Rubie,
1991; Schwinger et al., 2016). Our models demonstrate that type I chondrule olivine experiences
a larger extent of Fe-Mg interdiffusion (Fig. 14a), when it is assumed to be in direct contact with
FeO-rich olivine in matrix and type Il chondrules during thermal metamorphism. The calculated
diffusion depth for type I chondrule olivine is much thicker and its rim composition is more FeO-
rich, compared to profiles observed in any metamorphosed CO3 chondrites including Kainsaz.
However, type | chondrule olivine in Kainsaz shows only a minor compositional modification at
its edge in comparison with that in ALHA77307 (Scott and Jones, 1990; Jones and Rubie, 1991;
Schwinger et al., 2016). This discrepancy was thoroughly examined by Jones and Rubie (1991),
and they concluded that a pyroxene rim on type | chondrule olivine played an important role in
limiting the extent of Fe-Mg interdiffusion in olivine between type I chondrule and matrix.
Generally, olivine is poikilitically enclosed by pyroxene in type | chondrules from Kainsaz
(Wick and Jones, 2012) so that Fe-Mg interdiffusion in type I chondrule olivine may have been
affected by surrounding pyroxene whose Fe-Mg interdiffusion is very sluggish (Dohmen et al.,
2016). Similar to Jones and Rubie (1991), we therefore assumed a fast diffusion pathway along
fractures in the pyroxene rim on type | chondrule olivine and the total effective bulk diffusion
coefficient of pyroxene to be 1.5x that of olivine lattice diffusivity. The calculated profile with
the effect of the presence of the pyroxene rim is consistent with the observed profile of type |
chondrule olivine from Kainsaz (Fig. 14b).

Type 11 chondrules do not have pyroxene rims and therefore compositional exchange
occurs by diffusion directly between ferroan olivine phenocryst and matrix during thermal
metamorphism. Our model matches well with diffusion profiles typically observed in type Il
chondrule olivines from Kainsaz (Fig. 14c), reported in Schwinger et al. (2016). Fayalite
contents in matrix olivine decrease from Fasg to Fa-so (Fig. 14d), consistent with those reported
from Kainsaz (Fa-20-55; Keller and Buseck, 1990; Brearley and Jones, 1998). In addition, a
minimal compositional change in pyroxene in type | chondrule from Kainsaz is expected, due to

its very sluggish Fe-Mg diffusivity (Dohmen et al., 2016).

12



373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403

4.2.2. AOA olivine

Our diffusion calculations that successfully match the profiles measured in type I and |1
chondrule olivines fail to reproduce the observed U-shaped zoning profile in Kainsaz AOA
olivines. Instead, the calculations predict that AOA olivine is completely equilibrated at Fa-so
with surrounding matrix olivine, producing a flat profile (Fig. 15a). Highly elevated and uniform
Fe contents are rarely observed in olivine grains (Fa-20) with a size <~1 um and from highly
equilibrated olivine grains (Fa-2) on the AOA exteriors (Fig. 1a). However, none of them have
Fe contents as high as the matrix olivine. Our modeling results are also inconsistent with the
observations of Chizmadia et al. (2002) who reported a range of olivine compositions in AOAS
throughout petrologic subtypes from 3.2 to 3.7. Only the subtype CO3.8 chondrite Isna has
equilibrated olivine compositions with a narrow range of Faes-67. Diopside in AOAS occurs
enclosed by olivine and thus may have undergone Fe-Mg exchange with surrounding olivine
only if the Fe diffuses far enough into the olivine. In the modeled diffusion profiles, only a slight
Fe enrichment over a distance <0.1 um from the edge of diopside is observed (Fig. 15b), because
of the very slow Fe-Mg diffusivity in diopside (Mller et al., 2013). Collectively, olivine
compositions in Kainsaz AOAs are very difficult to reconcile with a simple diffusional exchange
process induced by a global metamorphic heating and subsequent cooling history, which is a
feasible model for olivine zoning profiles measured from Kainsaz chondrules.

The discrepancy between the modeled diffusion profiles and those observed from
olivines in Kainsaz AOAs, as well as the difference in olivine zoning profiles between
chondrules and AOAs, suggest that the AOAs experienced different processes during peak
thermal metamorphism that limited the ability of Fe to diffuse into the AOA olivine grains. The
compact olivine grain boundaries in AOAs (Fig. 7; Han and Brearley, 2015) may have reduced
the extent to which Fe diffused into the interior of olivine grains. On the other hand, with low-
temperature metamorphic heating, olivine grains may have coarsened very slightly while pores
became less abundant and larger, developing a higher degree of textural equilibrium (Karato,
1989). However, no apparent difference in AOA olivine grain sizes was observed between
ALHA77307 and Kainsaz (see Section 4.3). To explain this puzzle, extensive analyses
throughout petrologic subtypes from 3.0 to 3.8 are required to determine any systematic
variations in olivine zoning pattern and composition and size distribution of olivine grains and

pores in AOAs with increasing degree of thermal metamorphism.

13



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

434

We propose a two-stage alteration scenario to produce the pronounced zoning profiles
observed from olivine grains in Kainsaz AOAs. During the peak of thermal metamorphism,
primary forsteritic olivine grains (Fa<1) in AOAs may have completely equilibrated at Fa-s-10
(solid line in Fig. 15c¢), by a volume diffusion of Fe into the center of olivine grains. On cooling
after peak thermal metamorphism, a subsequent Fe-Mg exchange continued to occur along
olivine grain boundaries, but was limited by slower diffusion rates at lower temperatures,
forming a steep increase in Fe contents (up to Fa-31) at the edge of AOA olivine grains (dotted
line in Fig. 15c). This late-stage diffusion process may have occurred in the presence of fluids,
probably before the formation of FeO-rich olivine overgrowths onto the exterior of AOA
olivines (Figs. 3, 11) and numerous chromite grains along olivine grain boundaries and within
olivine grains (Figs. 10-13). Under this two-stage alteration scenario, we produced the best fit
with the observed zoning profile of AOA olivines in Kainsaz (Figs. 8, S1), having a forsteritic
core (Fa-s-g) with a gradual Fe enrichment (up to Fa-27) towards the edge. A similar history may
apply to AOA olivines in CO3 chondrites of higher petrologic types up to 3.6, which maintain
their forsteritic cores (Fa<-10; Chizmadia et al., 2002).

We also modeled the zoning profiles of olivine at variable peak temperatures of
hydrothermal alteration following the peak of thermal metamorphism at 500°C (Fig. 15d),
considering that the presence of fluids was experimentally proven to enhance the Fe-Mg
interdiffusion rates in olivine (Hier-Majumder et al., 2005; Costa and Chakraborty, 2008). On
cooling from the peak temperature of 350°C, 20x faster Fe-Mg interdiffusivity under wet
conditions than in under dry conditions is required to produce the zoning profiles obtained from
Kainsaz AOA olivines. The cooling from the peak temperatures of 300°C and 200°C requires
1000 and 2x10’ times faster Fe-Mg interdiffusivity in a wet condition, values which are far too
high because the enhancement of Fe-Mg diffusion rates from dry to wet conditions is only by a
factor of up to ~50 at 1100°C (Hier-Majumder et al., 2005). These calculations suggest that
different degrees of Fe enrichments in a narrow zone (<1 pm) along olivine grain boundaries
between and within Kainsaz AOAs could also be the result of relatively lower-temperature,
short-lived events, possibly due to a limited availability of fluids on a local scale.

The thermal history proposed here for the zoned olivine grains in Kainsaz AOAs should
also have affected chondrule olivines in the same meteorite. Schwinger et al. (2016) reported that

compositional profiles measured by EPMA of chondrule olivines in Kainsaz show typical zoning
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depths of ~20-40 um. In contrast, zoning depths for AOA olivine grains determined by TEM
EDX in this study are ~0.6 um (Figs. 8, S1), which is difficult to resolve by EPMA. Similar short
diffusion profiles may be present on the edges of chondrule olivines, but further chemical studies

are required to confirm this.

4.3. Annealed texture of olivine in Kainsaz AOAs

Olivine grains in Kainsaz AOAs are characterized by highly equilibrated grain boundary
textures (Fig. 7), identical to those observed from AOAs in ALHA77307 (Han and Brearley,
2015) and other carbonaceous chondrites (Komatsu et al., 2001). In addition, the grain size of
AOA olivines shows a similar range for Kainsaz and ALHA77307, and most grains are less than
5 um in size (0.5-6.5 pum for ALHA77307; Han and Brearley, 2015). Chizmadia et al. (2002)
estimated a similar range of olivine grain size from 2 um to 10 pm, based on BSE imaging of
apparent developments of Fe enrichments along olivine grain boundaries in AOAs from CO3
chondrites of petrologic subtypes 3.3 to 3.5. Collectively, this consistency demonstrates that
there is no systematic correlation of grain size and texture in AOAs with petrologic subtype in
CO3 chondrites, i.e., no evidence for grain growth of the AOA olivines, and that all AOAs show
highly equilibrated grain boundary textures. This is inconsistent with McSween (1977), who
noted that AOAs become cloudy with increasing degree of alteration, indicative of textural
recrystallization (Rubin, 1998). However, the cloudiness may, in fact, be the result of the
formation of numerous chromite grains along olivine grain boundaries, as observed here in
Kainsaz AOAs (Fig. 10). We therefore conclude that, even down to the TEM scale, Kainsaz
AOAs show minimal effects of thermal metamorphism on their textures and preserve a high
degree of textural equilibrium that formed by thermal annealing in the solar nebula (Komatsu et
al., 2001; Han and Brearley, 2015).

4.4. Olivine overgrowths on Kainsaz AOAs

The presence of ferroan olivine overgrowths on olivine grains in refractory inclusions,
chondrules, and matrices from carbonaceous chondrites, especially the oxidized CV3 Allende
chondrite, has been widely reported (Brearley and Krot, 2013 and references listed therein). The
ferroan olivine overgrowths observed from Kainsaz AOAs (Figs. 3, 11) are very comparable in

texture, morphology, and composition to those in the oxidized CV3 chondrites, except for their
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relatively smaller size and lower abundance. This similarity, coupled with evidence for the
complete absence of ferroan olivine overgrowths on AOAs in ALHA77307 (Han and Brearley,
2015, 2016), suggests that the ferroan olivine overgrowths on Kainsaz AOAs formed by a similar
process, i.e., low-temperature, fluid-assisted metamorphism on the parent body (Krot et al., 1997,
2000, 2004), but to lesser degrees. The crystallographic continuity along the c axis between the
ferroan olivine overgrowth and the host olivine (Fig. 11a) is consistent with its low-temperature
growth in the presence of a fluid, as demonstrated experimentally by Dobrica et al. (2022), and is
evidence for direct epitaxial growth of ferroan olivine over primary AOA olivine. The elevated
Mn concentrations in the ferroan olivine overgrowths on Kainsaz AOAs (Fig. 9) are also
consistent with their precipitation from a fluid that had elevated activities of Mn (Krot et al.,
2000, 2004; Zolotov et al., 2006). We therefore infer that Fe, Mg, Si, and Mn were dissolved and
mobilized by an aqueous solution on the parent body and subsequently precipitated as secondary
ferroan olivine onto primary AOA olivines. These elements were likely derived from amorphous
silicates that constitute the matrix of the least altered, very low petrologic subtype C03.0
chondrites, like ALHA77307 (Brearley, 1993) and DOM 08006 (Davidson et al., 2019). The
heterogeneous occurrence of fine-grained ferroan olivine overgrowths on Kainsaz AOAs (Fig. 3)
indicates that very limited and localized alteration did occur, which can be attributed to a limited
availability of fluids (i.e., limited fluid-mineral interaction) on a local scale, as we suggest earlier
in Section 4.2.2.

The observed sharp interfaces between the ferroan olivine overgrowths and the host AOCA
olivines (Figs. 3, 9, 11b) indicate minimal diffusional equilibration between these two olivines
after the overgrowths formed (Krot et al., 2000; Imai and Yurimoto, 2003; Doyle et al., 2015;
Simon et al., 2019). This implies that the ferroan olivine overgrowths formed late following the
peak of metamorphism, when temperatures were too low to allow Fe-Mg interdiffusion, resulting
in compositional disequilibrium between the ferroan olivine overgrowths and the host AOA
olivines. In addition, the ferroan olivine overgrowths (Fass-3s; Fig. 9) on Kainsaz AOAs are
distinctly poorer in FeO contents than the matrix olivine (Fa-20-55; Keller and Buseck, 1990;
Brearley and Jones, 1998), indicating also that they formed at low temperatures and were not
able to equilibrate with the matrix that is much finer-grained. This conclusion is supported by
recent equilibrium thermodynamic calculations in the water-chondrite system showing that

fayalite (Fags-100) can form as a minor phase at temperatures below ~350°C and a water/rock ratio
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of 0.06-0.2 (Zolotov et al., 2006; Jogo et al., 2009). The considerable MgO contents in the
ferroan olivine overgrowths (Fig. 9) suggest that they formed at higher temperatures and/or
lower water/rock ratios compared to those calculated for the formation of pure fayalite (Zolotov
et al., 2006; Jogo et al., 2009). Thus, we conclude that the formation of ferroan olivine
overgrowths on the Kainsaz AOAs was a late-stage disequilibrium process with a limited amount
of fluid that occurred during the cooling history of the CO3 chondrite parent body, but at
temperatures higher than those needed to stabilize phyllosilicates rather than grow ferroan

olivine (and chromite grains).

4.5. Formation of chromite in Kainsaz AOAs

An important observation in this study is that abundant chromite grains are found along
olivine grain boundaries, in olivine grains, and in voids between olivine grains from Kainsaz
AOAs (Figs. 10-13). There are two main possible mechanisms for the formation of chromite in
Kainsaz AOAs; (1) high-temperature condensation from a nebular gas (Weinbruch et al., 1990;
Weisberg et al., 1997) and (2) low-temperature alteration on the parent body (Krot et al., 1997;
Marinova et al., 2021).

The chromite grains in Kainsaz AOAs may have formed by condensation from a hot,
highly oxidizing nebular gas. The condensation origin has been proposed largely based on the
widespread occurrence of fayalitic olivine in the oxidized CV3 chondrites such as Allende (e.g.,
Hua et al., 1988; Palme and Fegley, 1990; Weinbruch et al., 1990; Weisberg and Prinz, 1998).
However, Allende preserves strong lines of evidence for pervasive parent body alteration that
affected all of its components (Brearley and Krot, 2013), and the formation of fayalitic olivine in
Allende has been recognized to be the result of combined, complex effects of metasomatism and
thermal metamorphism in an asteroidal setting (e.g., Krot et al., 1997, 2000, 2004; Zolotov et al.,
2006; Jogo et al., 2009; Doyle et al., 2015). In addition, thermodynamic equilibrium calculations
show that condensation from a gas, even under conditions with highly enhanced dust/gas ratios,
only form olivine with relatively low fayalite contents (i.e., Faiss; Fedkin and Grossman, 2006).
Thus, the Fe enrichments along olivine grain boundaries in Kainsaz AOAs cannot be explained
by condensation from an oxidizing nebular gas, implying that condensation of gaseous Fe and Cr
into chromite is also unlikely.

Conclusive evidence against the condensation origin of chromite in Kainsaz AOAS is
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provided by a comparison with AOAs from the primitive chondrites of petrologic subtype 3.0,
for example, ALHA77307 (e.g., Scott and Jones, 1990; Grossman and Brearley, 2005; Bonal et
al., 2007; Kimura et al., 2008). Han and Brearley (2015, 2016) studied a total of 179 AOAs in
ALHAT77307 using a field emission SEM and seven AOAs using TEM, and did not find any
similar types of chromite. In contrast, chromite is present in each of the Kainsaz AOAs we
studied using TEM. The complete absence of such chromite in ALHA77307 AOAs therefore
supports the view that its occurrence in Kainsaz AOAs are the products of secondary parent body
processes and is further evidence for the mobilization and redistribution of Cr with Fe during
such processes. Importantly, Kainsaz AOAs contain the four textural types of chromite grains
that show differences in composition and crystallographic orientation relationship with respect to
adjacent olivine (Figs. 10-13). These observations indicate distinct formation conditions,
possibly different sources of Fe, Cr, and Al, for the formation of each type of chromite, although
they may have all formed contemporaneously. We now consider how each of these four different

textural types formed on the parent body.

4.5.1. Chromite nanoparticles along olivine grain boundaries

Abundant chromite nanoparticles occur along olivine grain boundaries and have the
crystallographic orientation relationship with adjacent olivine, i.e., [110]chromite//[001]olivine and
(1221)chromite//(100)aiivine (Fig. 10). This is a classic orientation relationship between a spinel-
structured phase and olivine for solid state exsolution processes (Champness, 1970). The same
relationships were observed from chromite inclusions in olivine from metamorphosed H
chondrites of petrologic types 4 to 6 (Ashworth, 1979), from a chromite-rich vein in a chondrule
olivine grain in Allende (Weinbruch et al., 1990), and from Cr-rich platelets as a magnetite-
chromite-spinel solid solution in the Allende matrix olivine grains (Marinova et al., 2021). These
observations were also interpreted as evidence for exsolution of chromite by in situ oxidation of
olivine at moderate temperatures (<800°C; Champness, 1970).

A key question is the source of Cr, Fe, and Al to form these chromite nanoparticles
associated with olivine in Kainsaz AOAs. A consideration of the compositional constraints
suggests that two types of olivines in AOAs are a viable internal source of Cr: (1) primary
forsteritic olivines that formed as high-temperature nebular condensates or (2) Cr-rich, ferroan

olivine that formed during thermal metamorphism. It is also possible that Cr was externally
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derived from chondrule olivines, particularly type I1A chondrules (e.g., Grossman and Brearley,
2005), and matrix. The matrix is most likely a source of Fe, whereas Al may have been
mobilized during alteration of refractory Ca,Al-rich phases in AOAs.

It is possible that Cr could have been entirely derived from primary forsteritic olivines in
AOAs with the onset of thermal metamorphism. Figure 5 shows that the majority of olivines in
Kainsaz AOAs have Cr,03 contents <0.1 wt% with a peak at 0-0.05 wt%, whereas most
ALHAT77307 AOA olivines have Cr203 contents >0.05 wt% with a peak at 0.1-0.15 wt%. This
compositional difference suggests that Cr was lost from AOA olivines during thermal
metamorphism (Chizmadia et al., 2002). Scott and Jones (1990) and Grossman and Brearley
(2005) also demonstrated that Cr is easily lost from olivine in type 1lA chondrules with the onset
of thermal metamorphism. It is therefore possible that, during thermal metamorphism, Cr was
lost from the primary AOA olivines and concentrated on the grain boundaries as an exsolved
chromite phase. However, an external source of all Fe is required, probably from the surrounding
matrix (Chizmadia et al., 2002), because ALHA77307 AOA olivines are nearly pure forsterite
(Fig. 4), consistent with previous TEM EDX analyses that showed that they contain <0.3 wt%
FeO (Han and Brearley, 2015, 2016).

Alternatively, the chromite nanoparticles in Kainsaz AOAs may have formed by a two-
stage process that is entirely the result of parent body thermal metamorphism. The first stage
involves that formation of Cr-rich ferroan olivine by diffusion of Fe and Cr into the edges of
primary forsteritic AOA olivines during the prograde thermal metamorphic path. The second
stage involves exsolution of the Cr and Fe from the secondary ferroan olivine during cooling,
following the peak of thermal metamorphism. However, this hypothesis seems unlikely, because
Cr is lost very rapidly from olivines in both AOAs (Fig. 5; Chizmadia et al., 2002) and
chondrules (Scott and Jones, 1990; Grossman and Brearley, 2005) in the early stages of thermal
metamorphism, so that Cr is not expected to have been retained or regained in olivine in AOAs
during asteroidal heating.

Instead, all or some Cr with all Fe could have been derived from an external source such
as chondrules and matrix, possibly transported by a fluid into the AOAs. It is plausible that
during thermal metamorphism, these elements were mobile along the olivine grain boundaries,
but were not readily incorporated into the olivine, and consequently nanometer-sized chromite

grew as individual, isolated grains in an epitaxial relationship with the host olivine. This scenario
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is supported by the observed decrease in the abundance of chromite nanoparticles in AOAs with
increasing distance from the surrounding matrix.

Kimura et al. (2006) argued that Cr in chromite from the matrix of LL3.00-3.3 chondrites
could have been derived from oxidation of Fe,Ni metal during metamorphism, based on the
observations that minor Cr is present in Fe,Ni metal in the least altered, pristine chondrites
Semarkona (LL3.00), ALHA77307, and Acfer 094 (CC ungrouped) (Kimura et al., 2008). Scott
and Jones (1990) showed that kamacite in ALHA77307 chondrules contains the highest mean
levels of Cr and that Cr concentrations in kamacite systematically decrease with increasing
metamorphic sequence of CO3 chondrites (McSween, 1977). However, Kimura et al. (2008)
noted that Cr contents of Fe,Ni metal in chondrules and matrix in Semarkona and Acfer 094
generally overlap with those in CO chondrites of subtypes 3.03-3.1, in contrast to Y791717
(C0O3.6) metals which contain much lower concentrations of Cr. It seems likely that only minor
Cr was derived externally from Fe,Ni metal in chondrules and matrix in Kainsaz, with most
being still retained in them due to low-temperature metamorphic heating. Fe,Ni metal is also
common in AOAs (e.g., Han and Brearley, 2015) so can be a potential internal source of Cr.
However, any systematic studies of AOA metals are lacking. A detailed chemical study
throughout the CO3 chondrite petrologic subtypes 3.0 to 3.8 is thus required to better understand
a behavior of Cr in AOA metals in response to thermal metamorphism.

All the Al required to form Al-bearing chromite cannot have been derived from any type
of AOA olivines because their Al,O3 contents both in ALHA77307 and Kainsaz are overlapping
(<0.6 wt%; EAL). In particular, TEM EDX analyses show no detectable Al contents in Kainsaz
AOA olivines that contain Al-bearing chromite nanoparticles. Brearley and Jones (1998) found a
similar behavior for Al,O3 contents of chondrule olivines from CO3 chondrites, which are
essentially identical in ALHA77307 and metamorphosed CO3.1-3.7 chondrites. These data
indicate that the Al>O3 contents of olivine in AOAs and chondrules have not been affected
significantly by thermal metamorphism. Experimental studies showed that Al diffusion in olivine
is very slow even at high temperatures and/or pressures (Jurewicz and Watson, 1988; Spandler et
al., 2007; Spandler and O’Neill, 2010), probably due to a coupled substitution of Al for Mg in
the octahedral site and for Si in the tetrahedral site (Evans et al., 2008). Spandler and O’Neill
(2010) indicated that diffusion rates of Al in olivine (Dai <10Y" m?/s) are at least two orders of

magnitude slower than those of divalent cations such as Fe?* and Mg?* at 1300°C (Spandler et
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al., 2007). Peak metamorphic temperatures for Kainsaz are unlikely to have been much higher
than 500°C (Jones and Rubie, 1991; Busemann et al., 2007; Cody et al., 2008; Schwinder et al.,
2016; Imae and Nakamuta, 2018), too low to produce any detectable diffusion of Al, even over
extended periods of time. It is therefore very problematic that Al diffused in and out both of the
host forsteritic and ferroan olivine grains during thermal metamorphism.

On the other hand, the observed higher Al.O3 contents in the chromite nanoparticles in
close proximity to refractory Ca,Al-rich components in Kainsaz AOAs suggest that Al was
mobilized from these components, selectively melilite and anorthite. Based on the good
correlation between mineralogy and alteration degree from Al-rich inclusions in AOAs from
Allende, Hashimoto and Grossman (1987) found that melilite was the first primary phase to
disappear during alteration, followed by Al, Ti-rich diopside and spinel; all three phases were
progressively replaced to form secondary alteration assemblages including phyllosilicates by
reacting with alkali-rich fluids. Although there has been no comprehensive study of alteration of
refractory Ca,Al-rich components in AOAs in CO3 chondrites, Kojima et al. (1995) observed
that the abundance of anorthite in AOAs decreases with increasing metamorphic grade, instead
nepheline becomes abundant, suggesting that anorthite was replaced by nepheline during thermal
metamorphism. Rubin (1998) reported the occurrence of small veins of nepheline in AOAs that
replaced primary melilite during hydrothermal alteration. In addition, the preferential
replacement of primary melilite and anorthite to various degrees by nepheline is evident in CAls
in Kainsaz and other CO3 chondrites of similar petrologic subtypes, indicative of widespread
metasomatic alteration of these phases by interaction with fluids on the parent body (e.qg.,
Tomeoka et al., 1992; Kojima et al., 1995; Russell et al., 1998; Wasson et al., 2001; Itoh et al.,
2004). Previous hydrothermal experiments performed at 200-400°C for 7 days demonstrated that
melilite and anorthite were dissolved readily by a fluid to release Al, Si, and Ca, forming
hydrous phases such as Na zeolite (Nomura and Miyamoto, 1998; Ichimura et al., 2017). Thus, it
is possible that Al was lost and transported in the presence of fluids at the earliest stages of
metasomatic alteration of melilite and anorthite in Kainsaz AOAs and subsequently incorporated
into Al-bearing chromite nanoparticles.

Overall, it is possible that neither of these two mechanisms, exsolution and epitaxial
growth, is mutually exclusive. Some elements may be exsolved from the primary AOA olivines

and some may have come from outside the AOAs. It is certain that the Fe in the chromite
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nanoparticles was externally derived by grain boundary diffusion, possibly with the aid of a
fluid, and the Al was very likely to be derived from metasomatic alteration of primary melilite
and anorthite in refractory Ca,Al-rich components within the AOAs. Chromium lost from the
AOA forsteritic olivines during the early stages of thermal metamorphism could reasonably be
the primary source of Cr in the chromite nanoparticles. However, the abundance of chromite
nanoparticles decreases with increasing distance from the surrounding matrix, suggesting that
they preferentially formed along olivine grain boundaries in the outermost part of AOAs where
Fe and some of Cr started to diffuse in from an external source (i.e., matrix). The chromite
nanoparticles are absent on some of olivine grain boundaries even within the same FIB sections,
suggesting that their formation occurred heterogeneously on surfaces of olivine grains with the
appropriate atomic structure due to their crystallographic orientation to allow epitaxial nucleation
and growth.

4.5.2. Chromite lamellae in olivine overgrowths

All of the chromite lamellae in ferroan olivine overgrowths share the same
crystallographic orientation relationship with the surrounding olivine overgrowths (Fig. 11). This
suggests that the chromite lamellae formed by exsolution or epitaxial growth, as discussed in
Section 4.5.1. First, the chromite lamellae may have exsolved from the surrounding ferroan
olivine overgrowths after their precipitation from a Fe-rich fluid onto the AOA exteriors (e.g.,
Krot et al., 1997, 2000, 2004; Zolotov et al., 2006; Jogo et al., 2009; Doyle et al., 2015).
However, this is unlikely due to the high abundance of chromite lamellae in ferroan olivine
overgrowths, which requires too much Cr to have exsolved from the overgrowths. In addition, as
discussed in Section 4.4, the ferroan olivine overgrowths onto the host AOAs formed at
temperatures that were too low to permit Fe-Mg diffusion between the overgrowth and the AOA
forsteritic olivine substrate. Such conditions probably preclude the exsolution of Cr and Fe from
the ferroan olivine overgrowths as a mechanism to form the chromite lamellae. Alternatively, the
chromite lamellae may have nucleated and grew epitaxially simultaneously with ferroan olivine
overgrowths, as Cr was lost from olivine in AOAs (and chondrules) and mobilized together with
Fe during thermal metamorphism. It is also possible that the chromite lamellae began to
overgrow on the AOA edges and were then overgrown by ferroan olivine in an epitaxial

relationship, like those in the voids between olivine grains (Figs. 12b-c).
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4.5.3. Chromite grains in voids

The common occurrence of chromite grains in voids between olivine grains can be
attributed to the mobilization of Cr and Fe by an aqueous solution and subsequent precipitation
of secondary chromite in the voids during cooling. Especially, many chromite grains are
elongated normal to the edges of olivine grains, and some are aligned along the ¢ axis of
underlying olivine (Fig. 12a). These observations indicate their epitaxial nucleation and growth
onto the exposed surfaces of olivine. The occurrence of a thin FeO-rich olivine coating on the
chromite laths (Fig. 12c¢) may be a thin layer that formed after chromite, as an initial precipitate
of ferroan olivine overgrowth. In addition, the chromite nanoparticles occur along the edges of
olivine grains forming voids (Fig. 12b), which may represent the earliest stages of nucleation of
numerous elongated chromite laths onto the exposed surfaces of olivine grains.

4.5.4. Chromite inclusions in olivine grains

Equant chromite grains are distributed throughout olivine grains in Kainsaz AOAs (Fig.
13). Similarly, Grossman and Brearley (2005) observed equant chromite inclusions in type Il
chondrule olivine in ordinary chondrites of petrologic subtype >3.3, in contrast to olivine in
ordinary chondrites of petrologic subtypes 3.1-3.2 that contains fine, needle-like chromite
aligned along preferred crystallographic directions. They argued that thermal metamorphism
enabled homogeneous nucleation of fine chromite precipitates in olivine and subsequent
prolonged heating resulted in the coarsening of the precipitates to much larger, equant chromite
grains in olivine (Ashworth, 1979). Kainsaz appears to have experienced a similar degree of
thermal metamorphism to ordinary chondrites of petrologic subtype >3.2 (Grossman and
Brearley, 2005). Thus, the chromite inclusions in olivine in Kainsaz AOAs may have
experienced a similar formation history in which chromite began to be exsolved from fosteritic
olivine with the onset of thermal metamorphism and, with continuing heating, grew into sub-
micrometer-sized, equant chromite grains. However, AOA forsteritic olivine grains from CO3.0
chondrites have very low Fe contents (Fa<1; Chizmadia et al., 2002; Han and Brearley, 2015,
2016), so any Fe had to be introduced into the olivine grains by a volume diffusion from the
surrounding matrix, in order to drive exsolution of chromite grains. It is likely that Al was

derived from metasomatic alteration of primary melilite and anorthite in the AOAs.
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4.6. Implications on alteration conditions

Overall, the observed textural varieties of chromite grains in Kainsaz AOAs provide
evidence for a mobilization of Al, Cr, and Fe along olivine grain boundaries and into olivine
grains probably with the aid of an aqueous solution at lower temperatures following the peak of
thermal metamorphism. Their formation was mostly the result of crystallographically-controlled
processes, including exsolution, epitaxial growth, or a combination. These processes were
favored in the crystallographic orientation relationship observed in this study (Figs. 10-12), such
as [110]chromite//[001]olivine @and (111)chromite//(100)otivine. In addition, an epitaxial overgrowth of
ferroan olivine was favored in the crystallographic orientation relationship, i.e., along the c axis
of olivine (Fig. 11a).

The survival of small chromite grains (mostly <500 nm) in Kainsaz AOAs indicates that
they must have formed in the late stages of thermal metamorphism after peak metamorphic
conditions. Otherwise, they would have undergone coarsening to form larger particles during an
asteroidal heating after their formation. Our interpretation is supported by important TEM
observations of ferroan olivine overgrowths on Kainsaz AOAs: (1) the heterogeneous occurrence
of fine-grained overgrowths (Fig. 3); (2) the observed distinct compositional difference between
the overgrowths and the host AOA olivines (Figs. 9, 11b); and (3) the significant compositional
difference between the overgrowths (Fass-3s; Fig. 9) and the matrix olivine (Fa-2o0-s5; Keller and
Buseck, 1990; Brearley and Jones, 1998). These observations attest to little or no Fe?*-Mg?*
interdiffusion in olivine grains between different components after overgrowth of ferroan olivine
on the AOA exteriors. They would certainly have undergone Fe-Mg exchange and equilibrated
with the matrix olivines if the ferroan olivine overgrowths formed during the early stage of
thermal metamorphism when temperature was increasing. Therefore, the formation of ferroan
olivine overgrowths and chromite grains clearly had to be a late-stage, fluid-driven process that
occurred at relatively lower temperatures (<500°C), following the peak of thermal

metamorphism.
5. CONCLUSIONS

Our TEM analyses of AOAs from Kainsaz (C0O3.2) provide new insights into complex
secondary asteroidal processes that modified the primary nebular features of AOAs as a response
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to thermal metamorphism. This study offers strong lines of evidence for the mobilization of Fe,
Mg, Si, Cr, and Al and their incorporation into secondary alteration phases in the presence of
fluids during the thermal history on the CO3 chondrite parent body, as illustrated in Figure 16.

The prominent characteristic of Kainsaz AOAs is strongly zoned olivine grains with
heterogeneous Fe enrichments along their grain boundaries, compared to ALHA77307 AOAs.
This observation is widely interpreted as a result of Fe?*-Mg?* diffusional exchange with the
surrounding matrix during metamorphic heating. Our diffusion calculations show that such
olivine zoning and compositions cannot be produced during a global metamorphic history, which
is a feasible model for the chondrule olivine zoning profiles observed from Kainsaz. The two-
stage scenario is proposed for the Kainsaz AOAs, involving an initial equilibration at Fa-4-s
during peak metamorphic heating, when Fe diffused into the center of forsteritic olivine grains,
followed by steep Fe enrichments up to Fa-20-27 along the edge of olivine grains. This late-stage
diffusion may have occurred in the presence of limited fluids, resulting in different extents of Fe-
Mg interdiffusion along indviduial olivine grain boundaries.

In Kainsaz AOAs, fine-grained ferroan olivine overgrowths occur heterogeneously in
crystallographic continuity with olivines on the edges of the AOAs, and occasionally into pore
spaces between olivine grains in the interiors. These overgrowths have compositionally sharp
interfaces with the host AOA olivines, and they are more FeO-rich than the underlying AOA
olivines, but less FeO-rich than the surrounding matrix. These observations indicate that the
ferroan olivine overgrowths formed by precipitation from fluids in an epitaxial relationship onto
the AOA exteriors. In addition, numerous chromite grains are found along olivine grain
boundaries, in olivine grains, and in voids between olivine grains from Kainsaz AOAs. Different
textural types of chromite share the similar crystallographic orientation relationships with
adjacent olivine, suggesting that they formed by exsolution, epitaxial growth, or combined. We
infer that Cr was primarily derived from AOA forsteritic olivines and less from chondrules, but
all Fe were derived externally from the surround matrix, while Al was released during
hydrothermal alteration of Ca,Al-rich components in the AOAs. Collectively, we conclude that
the formation of ferroan olivine overgrowths and chromite grains was a crystallographically-
controlled, fluid-driven process in the late stages of parent body thermal history, following the
peak of thermal metamorphism. This process likely occurred at relatively lower temperatures

(<500°C), probably following the full development of strongly zoned olivine grains in the
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APPENDIX A. SUPPLEMENTARY MATERIAL
EAL. Chemical compositions of olivine in amoeboid olivine aggregates from the ALHA77307
C03.0 and Kainsaz C0O3.2 chondrites, determined using electron microprobe and TEM EDX.
EAZ2. Diffusion modeling of zoned olivine grains in Kainsaz AOAs.
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FIGURE CAPTIONS

Figure 1. BSE images of three Kainsaz AOAs (08, 34, and 75) that show well-developed Fe
enrichments along olivine grain boundaries. Anorthite and diopside occur as common Ca,Al-rich
phases enclosed in olivine aggregates. The dotted lines in (a-c) indicate the locations of FIB
sections targeted for the TEM analysis. Abbreviations hereafter: ol = olivine, an = anorthite, di =

diopside.

Figure 2. BSE images of one Kainsaz AOA (16) that shows heterogeneous Fe enrichments along
olivine grain boundaries. The regions outlined in (a) are shown in detail in (b, ¢). Note a
significant difference in Fe enrichments along olivine grain boundaries in these two sub-regions.
There are FeO-rich olivine overgrowths at the AOA edge, as indicated by arrows in (b). The

dotted lines in (b, c) indicate the locations of FIB sections targeted for the detailed TEM analysis.

Figure 3. BSE images of ferroan olivine overgrowths on olivine from Kainsaz AOAs. (a, b)
Platy ferroan olivine overgrowths, indicated by arrows, on olivine in the AOA edges are present,
with their elongation direction normal to the surfaces of the underlying olivine. (c) Platy ferroan
olivine overgrowths occur around pore spaces in AOA olivines. Abbreviation hereafter: p =

pores.

Figure 4. Fayalite contents (mol%) in olivine from eleven Kainsaz AOAs, in comparison with
those from six ALHA77307 AOAs. All analyses were obtained using electron microprobe.
Kainsaz AOA olivines have a broad range of Fa-1-22, but ALHA77307 AOA olivines show a

very narrow range of Fa<a.

Figure 5. Chromium concentrations in AOA olivines from Kainsaz and ALHA77307, obtained
using electron microprobe. (a) A plot of Cr203 (wt%) vs. Fa (mol%). A dashed line indicates
detection limits of electron microprobe analyses. (b) A histogram of Cr.O3 contents. Most
Kainsaz AOA olivines contain Cr203 <0.1 wt%, whereas most ALHA77307 AOA olivines
contain 0.05-0.2 wt% Cr20a.
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Figure 6. Plot showing MnO (a) and Na2O (b) contents (wt%) in AOA olivines from Kainsaz
and ALHA77307, obtained using electron microprobe. The Na;O and MnO contents have a
slightly wider distribution in olivine from Kainsaz AOAs than from ALHA77307 AOAs. A weak
correlation between MnO and Fa contents is present only in Kainsaz AOA olivines. Dashed lines

indicate detection limits of electron microprobe analyses.

Figure 7. A DF-STEM mosaic of the FIB section from AOA 08 that shows dense olivine
aggregates with highly equilibrated grain boundary textures. The Fe enrichment on olivine grain
boundaries and the occurrence of chromite nanoparticles contribute to the bright contrast in this
Z contrast image. Voids along olivine grain boundaries are indicated by arrows. Abbreviation

hereafter: chr = chromite.

Figure 8. Distribution of Fe in olivine grains, obtained by TEM EDX. (a) BF-STEM image and
corresponding Fe X-ray map of AOA 16. The FeO contents increase along olivine grain
boundaries and cracks. The cracks are partially filled with chromite grains. (b) BF-STEM image
and corresponding profile of fayalite (mol%) contents extracted from an olivine grain in AOA

16. The grain is strongly zoned, with more Fe enrichments towards the AOA edge.

Figure 9. A plot of MnO (wt%) vs. fayalite (mol%) contents of olivine from the host AOAs 16
and 75 and their overgrowth. Individual points represent single TEM EDX analyses. The olivine

overgrowth contains higher MnO and fayalite contents, compared to the host olivine.

Figure 10. (a, b) BF-TEM images from AOAs 08 and 34 showing that abundant chromite
nanoparticles (dark particles) decorate triple junctions between olivine grains. (¢) BF-STEM
image from AOA 16 showing needle-like chromite nanoparticles (dark particles) aligned along a
single olivine grain boundary. (d) HRTEM image from AOA 08 of chromite nanoparticle in a
crystallographic orientation relationship with the adjacent olivine. (e, f) FFT patterns extracted
from (d) of the nanoparticle and adjacent olivine. The [110] zone axis of chromite is parallel to

the [001] zone axis of olivine with (111)chromite//@olivine.

Figure 11. (a) BF-STEM image of chromite lamellae enclosed by ferroan olivine overgrowth at
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the edge of AOA 16. All of the lamellae are elongated parallel to the c axis of olivine, as indexed
from inset electron diffraction pattern of the ferroan olivine overgrowth. The chromite
nanoparticles and a sulfide grain also occur at the overgrowth-host olivine interface. (b) False
color TEM EDX map in Cr (yellow), Fe (red), Mg (green), and Si (blue) of a region outlined in
(@). (c-e) HRTEM images of various chromite lamellae that share the same crystallographic
orientation relationships with the surrounding olivine overgrowth. Inset FFT patterns in (c) are
index as (111)chromite//@olivine, [112]chromite//Dotivine, aNd (110)chromite//Colivine. Abbreviation: sf =
sulfide.

Figure 12. (a, b) BF-STEM images and (c) false color TEM EDX map in Cr (red), Fe (blue), Mg
(green), and Si (yellow) of thin chromite laths that grew into a pore space between olivine grains
from AOA 16. A set of the chromite laths on the right of (a) are elongated parallel to the ¢ axis of
olivine, as indexed from inset electron diffraction patterns. In (b), note the presence of chromite
nanoparticles, indicated by arrows, at the olivine edge. In (b, c), the chromite laths are

surrounded by a thin layer of FeO-rich olivine. Abbreviation: Fe-ol: FeO-rich olivine.

Figure 13. (a) BF-STEM image of equant chromite inclusions in olivine grains from AOA 16.
(b) HRTEM image from AOA 16 of the chromite grain with no crystallographic orientation
relationship with the surrounding olivine. The upper inset is a lower-magnification BF-STEM
image of the chromite grain used for HRTEM imaging, whereas the bottom inset is its FFT

patterns, indexed as [011]chromite.

Figure 14. Model zoning profiles for fayalite contents in olivine, based on the closed-system
Fe?*-Mg?* interdiffusion between matrix, chondrule, and AOA minerals. We assumed that FeO
contents in olivine and pyroxene from ALHAT77307 represent initial compositions (Jones and
Rubie, 1991). (a) The model profile for type I chondrule olivine, assuming that it is in direct
contact with FeO-rich olivine in matrix during metamorphism. The profile shows much thicker
diffusion depth and more FeO-rich composition at its rim, which is inconsistent with the
observed olivine zoning profiles from type | chondrules in Kainsaz. (b) The model profile for
type | chondrule olivine with the effect of the presence of a pyroxene rim, assuming that a total

effective bulk diffusion coefficient of pyroxene is 1.5 times faster than a lattice diffusion
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coefficient of olivine. This profile is a better fit for the observed olivine zoning profiles from
type | chondrules in Kainsaz. (c) The model profile for type 11 chondrule olivine that experienced
compositional exchange directly with FeO-rich olivine in matrix during metamorphism. (c) The
model profile for matrix olivine. No effect of the presence of a pyroxene rim is expected on the

model profiles for olivine in type Il chondrule and matrix.

Figure 15. Model zoning profiles for Fe contents in olivine and diopside from Kainsaz AOAs.
(@) The model profile for AOA olivine, assuming a simple global thermal metamorphism that is a
feasible model for olivine zoning profiles measured from Kainsaz AOAs, as done for Fig. 14b.
The calculations predict a flat profile for AOA olivine. (b) The model profile for AOA diopside,
assuming a simple global thermal metamorphism, as done for Fig. 14b. Only a slight Fe
enrichment at its edge is predicted. No effect of the presence of a pyroxene rim is expected on
the model profiles for olivine and diopside in AOAs. (c) The model profile for AOA olivine,
assuming a late-stage hydrothermal alteration after a global thermal metamorphism. We
postulate a two-stage alteration scenario: (1) an initial complete equilibration of olivine (Fa-s-s)
during peak thermal metamorphism at 500°C (solid line), followed by (2) a partial equilibration
along the rim of an individual olivine grain driven by a late-stage diffusion during cooling from
500°C peak thermal metamorphism (dotted line). (d) The model profile for AOA olivine, based
on cooling from variable peak temperatures of hydrothermal alteration after global thermal
equilibration. We postulate a two-stage alteration scenario, as done for (c), but the second stage
was calculated at lower peak temperatures of a late-stage hydrothermal alteration. The peak
temperatures of 350°C, 300°C, and 200°C require 20 times, 1000 times, and 2x107 times faster
Fe-Mg interdiffusion rates in olivine in a wet condition than in a dry condition.

Figure 16. Schematic scenario illustrating the possible alteration history of AOA olivines from
Kainsaz. Temperature and time on the plot are not accurately scaled, only as a reference to show
a sequence of a series of alteration events. A timing for the accretion of CO3 chondrite parent
body and the formation of ferroan olivine overgrowths was estimated based on Doyle et al.
(2015). We propose the following sequence: (1) the mobilization of Si, Al, Cr, Fe, and Mg with
the onset of thermal metamorphism; (2) the initial equilibration of AOA olivines at Fa-4-g during

peak thermal metamorphism; (3) the formation of steep Fe enrichments up to Fa-3; along the
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1069  edges of AOA olivines on cooling after peak thermal metamorphism; (4) the exsolution and

1070  epitaxial growth of chromite; and (5) the ferroan olivine overgrowths onto the AOAs.
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