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Abstract—Calcium-aluminum-rich inclusions (CAls) are the first objects that formed in the
solar accretion disk and therefore provide valuable insights into the evolution of the early
solar system. A long-standing question regarding this earliest formative period relates to the
storage of CAls in the 1-4 Myr time period between their formation and later accretion
into chondrite parent bodies. Were the CAls stored in a pre-existing parent body, or in
distant parts of the solar accretion disk? In the latter scenario, CAls might have been
exposed to cosmic rays, either from the galaxy or from the Sun and such pre-accretion
irradiation effects might be detectable. We searched for such pre-accretional irradiation
effects in 7 fine- and 11 coarse-grained CAIs from the CV 3.6 carbonaceous chondrite
Allende. The extracted samples were analyzed for their major chemical composition and all
samples were analyzed using pCT techniques. Using physical model calculations, 2'Ne o
and (**Ne/?'Ne).os production rate ratios were calculated for each CAI by fully considering
their individual chemical composition. Measured He, Ne, Ar, and Kr isotope compositions
of the CAls show cosmogenic signals; clear signals for He and Ne isotopes; and detectable
signals for some of the Ar and Kr isotopes. In addition, most samples show clear
indications for radiogenic “He and some samples show evidence for radiogenic “°Ar. Higher
IAr/8Ar, 2*Ne/*'Ne, *°Kr/**Kr, and %’Kr/**Kr ratios together with lower cosmogenic
3 Ar..s concentrations in fine-grained CAIs compared to coarse-grained CAls are consistent
with more alteration of the former compared to the latter. The CRE ages for the CAls
range between 4.12 +0.41 Myr and 6.40 + 0.63 Myr. Statistical tests indicate that the data
are normally distributed with no outliers, indicating that all CAls share a common
irradiation history, likely the irradiation in the Allende meteoroid. The average CRE age of
4.87£0.19 Myr agrees with the nominally accepted CRE age of Allende of ~5.2 Myr.
There is no correlation between >'Ne,,s concentrations and indicators of aqueous alteration
like Na and/or U concentrations. The lack of correlation together with the finding of
normally distributed modeled CRE ages indicates that either none of the studied CAIs
experienced a pre-accretion irradiation before parent body compaction and/or that any
pre-accretion irradiation effects have been completely erased during aqueous alteration
events. Taking alteration aside, the findings are not in favor of X-wind type models but are
more consistent with the idea of CAI outward transport in an expanding disk.
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INTRODUCTION

Calcium-aluminum-rich inclusions (CAIs) are a
refractory component of chondritic meteorites
(chondrites). They contain the first minerals expected to
condense (e.g., Ca, Al, Ti, Mg-oxides, and silicates) at
temperatures above ~1400 K from a cooling gas of solar
composition (Grossmann 1972) and are the oldest dated
objects formed in the solar system (Amelin et al., 2010).
Some CAls are surrounded by single or multilayered rims
that are of accretionary origin and some are surrounded
by high-temperature rims that are firmly attached to the
CAls. It is assumed that CAls formed within less than
~0.2-0.4 million years (Myr) (e.g., Krot et al., 2009;
MacPherson et al., 2012) in multiple transient heating
events, that is, evaporation—condensation processes,
melting, and crystallization (e.g., Grossman et al., 2000,
2008; Hu et al., 2021; Richter et al., 2002). The heating
events occurred (i) in high-temperature nebular regions
(T>1400K), (ii) under low total pressure (10°° to
1073 bar), (iii) in a reduced environment, and (iv) in the
presence of '°O-rich gas (e.g., Itoh et al., 2004; Krot
et al., 2009). The latter is indicated by the finding that
most CAIs from primitive, unmetamorphosed chondrites
are uniformly '®O-rich (e.g., Krot et al., 2020). CAls
preserved nucleosynthetic isotopic anomalies in Ca, Ti,
Si, Cr, Ni, and other elements, indicating incomplete
homogenization in the solar nebula (Dauphas &
Schauble, 2016). There is some debate about the location
of the CAI formation region, which was either
throughout the inner protoplanetary disk (1-4 AU) or in
a localized region near the proto-Sun (<0.1 AU). For a
detailed discussion, see Krot et al. (2009). Likewise, there
is debate about the CAI formation process and among
the proposed models are shock wave models and X-wind
type models (e.g., Richter et al., 2006). However, no
matter the formation region and the formation process,
there must have been an effective radial transport of
CAlIs, given their presence in outer solar system objects
such as carbonaceous chondrites and samples from comet
81P/Wild 2 (McKeegan et al., 2000).

The accretion age of chondrite parent bodies and
hence the timing of the incorporation of CAls into these
bodies are not directly recorded by any radio-
chronometer, but are bracketed by the time of the last
melting event of the chondrules contained in a particular
chondrite and the precipitation of secondary minerals
formed during the parent body’s aqueous alteration.
Despite some debate about (i) the onset and duration of
chondrule formation (e.g., Bollard et al., 2017; Fukuda
et al., 2022; Pape et al., 2019), (ii) the consistency of
different chronometers (e.g., Desch et al., 2023; Larson
et al., 2011), (iii) the extend of resetting of chondrule ages
by alteration (e.g., Piralla et al., 2023; Siron et al., 2021),

and (iv) the models for linking alteration ages to parent
body thermal evolution (e.g., Fujiya et al., 2012), it is well
established that chondrite parent bodies accreted in a
time interval from ~2Myr after CAls and until the
dispersal of the gas disk ~4 Myr after CAls (e.g., Sugiura
& Fujiya, 2014). This age gap between the formation of
CAIs and the accretion of the chondrite parent bodies
requires an explanation for the preservation of CAls in
the disk. There are dynamic arguments that CAl-type
objects would be lost into the Sun by gas drag on much
shorter time scales (Weidenschilling, 1977). There are,
however, possible ways to store CAls in the disk. First,
CAIs could be preserved from falling into the Sun
because they were stored in some type of planetesimals
and were therefore not affected by gas drag. Later, the
hypothetical parent body was disrupted and the thus
liberated CAls could re-accrete with the chondrules and
the matrix to later generation planetesimals (e.g.,
Hutcheon et al., 2009). As discussed by Krot et al. (2009),
the planetesimal storage hypothesis is not without
problems, because the large amount of 2°Al in CAls
would lead to thermal processing if not total
differentiation of the planetesimals. Since there is no
evidence for significant thermal processing of CAls
before accretion to the chondrite parent body, the
planetary storage hypothesis is not very likely. Second,
several dynamical nebular processes can counteract gas
drag and therefore would allow small objects to stay
inside the disk for millions of years and not fall into the
Sun. One such model is the X-wind model proposed by
Shu et al. (1996), whereby CAls were launched from the
so-called reconnection region near the Sun onto the outer
regions of the disk (Figure l1a). However, there are some
mineralogical arguments against this model (e.g.,
Desch, 2007; Krot et al., 2009). Alternative models have
been proposed, invoking gravitational torques
(Boss, 2008) or turbulent diffusion (Cuzzi et al., 2003) to
explain the transport of CAls outward in the disk. The
turbulent diffusion model suffers limitations and requires
very special, sometimes unrealistic conditions, for
example, the region where CAls formed would have to be
enriched in silicates by a factor >10° (e.g., Ciesla &
Cuzzi, 2006; Krot et al., 2009). In addition, the source of
the turbulence remains a matter of debate (e.g.,
Ciesla, 2007a, 2007b). Elaborating on the turbulent
diffusion process, Ciesla (2007a, 2007b) showed that,
during the earliest stages of disk evolution, the net inward
movement of the collapsing proto-molecular cloud is
likely accompanied by outward flows in or around the
midplane of a turbulent disk. This combination of
outward transport and diffusion close to the midplane
and rapid inward transport at higher altitudes leads to
the finding that outward transport can be more efficient
for larger particles because they stay, due to gravitational
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FIGURE 1. Scenarios for CAI formation, transport, and storage in the early solar nebula. (a) X-wind scenario, in which CAls
are likely irradiated by SCR and/or GCR. (b) Outward transport and diffusion in a turbulent solar nebula. CAls are likely
shielded from SCR and GCR because outward transport is close to the midplane. (¢) Transport of CAls to regions of high local
pressure and CAI storage in such regions. Depending on the geometry, the region of CAI storage might be accessible to cosmic

rays.

settling, close to the midplane for longer time periods
(e.g., Ciesla, 2007b, see also Figure 1b). According to the
model by Ciesla (2010a, 2011), refractory inclusions that
formed early, that is, within the first 10° years, have a
higher chance of survival until parent body accretion
than later formed inclusions because the initial spread of
the disk due to transport of angular momentum helps
preserving them. Since the largest number of grains is
formed in this short period of time, there will be a
dominance of early formed refractory inclusions in
today’s meteorites. Consequently, the short duration of
CAI formation as inferred from their ages might simply
reflect the higher change of survival for early formed
CAIs (e.g., Ciesla, 2010b; Yang & Ciesla, 2012).

Finally, CAIs can be kept in the protoplanetary disk
if there are rings and/or spiral arms because small objects
would be decoupled from the gas drag and can stay for a
long time in the centers of such rings and spiral arms
(Haghighipour & Boss, 2003a, 2003b). In essence, while
descending toward the midplane, small solids tend to
radially migrate toward the locations of high local partial
pressure. In this model, small particles spend more time
with the gas and therefore take longer to migrate
(Haghighipour & Boss, 2003a, 2003b, see also Figure 1c¢).

The existing dynamical models can be subdivided
into two groups. In the first group, CAls are transported
far above the planetary disk (X-wind model) or are stored
in rings or spiral arms of high local gas pressure. In such
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scenarios, CAls might be exposed to radiation from solar
cosmic rays (SCRs) and/or galactic cosmic rays (GCRs)
for long enough to produce measurable cosmogenic
nuclide concentrations. Throughout this paper, we refer
to such produced cosmogenic nuclides as “excess
cosmogenic nuclides.” If transport was in the midplane as
proposed by, for example, Ciesla (2007a, 2007b), then the
CAIs were likely shielded from any type of radiation
and no excess cosmogenic nuclides are expected.
Consequently, the study of excess cosmogenic nuclides
can help to put constraints on possible CAI formation
and especially transport mechanisms in the early solar
system; was the transport and/or storage in a region
accessible to cosmic rays or was it in a region shielded
from cosmic rays.

While cosmogenic nuclides in CAls can put some
constraints on CAI formation scenarios, studying excess
cosmogenic nuclides is not trivial. Most meteorites
acquire the bulk of their cosmogenic nuclides during
transit to Earth, that is, in the time after their formation
in an asteroid break-up event and before their fall on
Earth. Exceptions are regolith breccias, for which parts
have been irradiated already on the asteroid parent body.
We refer to this part of the irradiation history as
“meteorite.” Detecting excess cosmogenic nuclides from
an irradiation that happened before parent body
accretion is challenging. First, because the distribution of
(meteorite) cosmogenic nuclides is not uniform but
depends on (i) the irradiation time (CRE age), (ii) the
pre-atmospheric radius of the meteorite and the
pre-atmospheric depth of the sample (both define the
shielding depth), and (iii) its chemical composition.
Hence, the major challenge in any study of excess
cosmogenic nuclides is to prove that detected excesses (if
there are any) are real and not simply due to variations in
shielding and/or chemical composition. Since excesses are
expected to be small, the necessary corrections must be
addressed very carefully. Second, there is always a chance
that excess signals get lost either during parent body
accretion and/or during (aqueous and/or thermal)
alteration events on the parent body.

The pioneering study by Vogel et al. (2004) searched
for primordial noble gas concentrations in CAls from
the CV3 chondrites Allende, Axtell, and Efremovka.
However, since no chemical composition data were
measured for the studied CAIs, the authors made no
attempt to compare the measured isotope concentrations
for the different CAls and/or to study pre-accretionary
irradiation effects.

A recent study found in some peculiar hibonite-rich
CAIs from CM chondrites He and Ne excesses, which
were attributed to in situ irradiation by energetic particles
from the early Sun (Koop et al., 2018). Since the
irradiation signatures were found for noble gases, that is,

volatile elements, that are supposed to be lost by
diffusion at higher temperatures, the authors inferred
that the irradiation happened in a relatively cold region
of the disk, that is, at a considerable distance from the
Sun. Such high particle fluxes that far out in the solar
system would require a highly active early Sun. However,
the argument that the spallation produced noble gases
would be lost if the irradiation happened in the hotter
inner part of the solar system might not be entirely
solid. We will show below that it is often difficult to
completely degas CAls even under intense laser heating.
Consequently, spallation produced He and Ne isotopes
can be relatively robust against diffusion, which might
relax the argument that the irradiation must have
occurred in the outer colder region of the disk.

We studied He, Ne, Ar, and Kr isotope concentrations
in 11 coarse-grained and 7 fine-grained CAls from the CV
3.6 carbonaceous chondrite Allende. All CAls were
analyzed for their major element composition using
pXRF, enabling precise corrections of cosmogenic
signatures for variations in chemical composition. In
addition, and to prepare for future studies, we established
a correlation between cosmogenic 2'Ne production rates
and the grayscale values (related to the linear attenuation
coefficient of X-rays) obtained from pCT data, which
enables correction for variations in chemical composition
if no measured chemical data exist. Variations in shielding
are corrected using new model calculations.

EXPERIMENTAL
Sample Selection

We studied 19 samples from different fragments of the
CV 3.6 carbonaceous chondrite Allende. Seventeen of them
are typical CAls. Two of the samples are not typical CAls;
they contain high amounts of Fe and Ni but almost no Ca
(Tables 1 and 2). SEM and EDS analyses revealed that
sample Testl is a highly altered CAI, consisting of pyroxene
and nepheline. Sample Test2 is an olivine aggregate
consisting of olivine, diopside, nepheline, and FeS. These
two samples are considered for the rest of the paper only as
test samples used to check the procedure. Among the
extracted CAls, 7 are fine-grained (FG) and 11 are
coarse-grained (CG). Some of the samples have been studied
before. A description of the FG-CAIs can be found in
Charlier et al. (2021) (see Table 1 for the alternative names).
A detailed description of CG-CAI Alvin (a Forsterite
bearing type B inclusions, also known as TS—45) is available
in Bullock et al. (2012) and MacPherson et al. (2017). The
compact type A inclusion CGft-12 is described in Ma
et al. (2022). For other CG-CAlIs, which include compact
and flufty type As as well as type Bls and B2s, the inclusion
type is listed in Tables 1 and 2.
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TABLE 1. Petrologic type of CG-CAlIs and alternative names of FG-CAls from the carbonaceous chondrite

Allende (CV3).

Sample Source Catalog # Petrologic type Other name
Alvin FM ME2629-4.109 FoB

CGft-3 AMNH 4320-CG-1 —

CGft-5 FM ME2629-4.72 CTA

CGft-6 FM ME2629-4.73 Type B2

CGft-7 FM ME2637-2.2 CTA

CGft-8 FM ME2639-2.8 Fluffy type A

CGft-10 FM ME2639-3.1 Type Bl

CGft-11 FM ME2639-13.1 Type Bl

CGft-12 FM ME2639-23.2 CTA

CGft-13 FM ME2639-49.6 CTA

CGft-13Alt

FGft-12 AMNH 4290-FG-1 Charles”
FGft-13 AMNH 4299-FG-1 Erik®
FGft-17 AMNH 4321-FG-1 Jean®
FGft-19 AMNH 4322-FG-1 Ororo®
FGft-23 AMNH 5047-C2/D2-FG-1 Peter®
FGft-25 AMNH 5058-FG-1 Raven®
FGft-27 AMNH 5064-FG-2 Scott®
Testl FM ME2629-4.156

Test2 FM ME2629-4.157

Note: The CAls are distinguished into coarse-grained (CG) and fine-grained (FG). Testl is a highly altered CAI and Test2 is an olivine
aggregate. Both test samples have been used to test the sample handling and noble gas extraction procedures.
Abbreviations: AMNH, American Museum of Natural History (New York); FM, Field Museum (Chicago).

4The FG-CAIs have been studied before by Charlier et al. (2021).

For the extraction of CG-CAls, the Allende samples
were cut around the CAls, and the remaining matrix
material was gently removed using SiC abrasive paper.
Remaining contamination was removed by handpicking
under a binocular microscope based on color and texture
differences between CAls and matrix. This procedure
enabled the extraction of CAls without any remaining
matrix contamination. Extraction of FG-CAIs, due to
their fragility, required a more delicate approach. The
meteorite sample was cut to enable access to the
fine-grained inclusions, which were then gently extracted
from the meteorite matrix using clean stainless steel
dental tools. To minimize matrix contamination, the
extracted materials were further inspected under a
binocular microscope, and only matrix-free CAI parts
(based on differences in color and texture between CAls
and matrix) were taken. After extraction and careful
visual inspection, CAlIs (both FG and CG) were crushed
in an agate mortar dedicated to meteorites. After each
sample, the agate mortar was cleaned by grinding
high-purity silica and rinsing with ethanol and
milliQ-water to avoid cross-contamination. After
crushing and homogenization, an aliquot of the CAI
powder was taken for the present study, ranging in mass
from 8 to 15 mg.

HXRF Measurements

The powdered samples were analyzed for their major
chemical composition using pXRF (micro X-ray
fluorescence, Bruker Tornado M4 with Rh source) at the
Geoscience Center of the University Gottingen. Sample
powders were hand-pressed in 3mm drill holes in an
acrylic sample holder. The analyzed area map was 1 mm?
and the focus area was 20 pm. The results are presented
as oxide wt% normalized to 100% (Table 2).
Uncertainties range up to a few percent for some of the
major elements, particularly Mg and Na and include
the propagated uncertainty from calibration curves
obtained from the pXRF measurement of 10
geostandards (AGV-2, Allende CV3, BCR-2, BHVO-2,
BIR-1a, DTS-2b, GSP-2, SBC-1, STM-2, W-2A) that
span a wide range of bulk elemental compositions and
were run at the same measurement conditions as the CAI
powders. Although some of the uncertainties are
relatively large, the data quality is sufficient for
investigating CAI pre-accretionary irradiation effects.
The chemical composition of the forsterite-bearing CAI
Alvin was analyzed before by Bullock et al. (2012) using
EMPA spot analysis. Their reconstructed bulk
composition of Alvin is in good agreement with the
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results obtained here. Differences outside the given
uncertainties exist for (ratio Bullock et al., 2012; this
study) Al,O5 (1.25), MgO (1.17), and CaO (0.85). These
differences are likely due to the limitation of obtaining
the bulk composition from EMPA spot analysis. By
integrating the individual spot data, it is usually assumed
that 2-D surface data correspond to 3-D bulk data, which
might not necessarily be true. In addition, slight sample
heterogeneities might exist between the two Alvin
subsamples investigated in the two studies.

The same aliquots were used for uXRF and noble gas
studies. This raises the question of whether pXRF affects
the noble gas budget of the samples. The dosage
calculated via acceleration voltage and current of pXRF
studies is similar to or lower than the dosage for pCT
studies; for the latter, we already demonstrated that there
is no effect on the noble gas budget (Parastoo et al. 2023),
and hence, we infer that any such effect is also absent
during pXRF.

pCT Measurements (grayscales)

All samples were analyzed using pCT, which is a
three-dimensional rapid and nondestructive imaging
method. In recent research, pCT has emerged as a powerful
technique for studying extraterrestrial objects like
meteorites, micrometeorites, interplanetary dust particles
(IDPs), and material from sample return missions (e.g.,
Ebel & Rivers, 2007; Ebel et al., 2007; Friedrich et al., 2008;
Hezel & Palme, 2010; Kadlag et al.,, 2023; Kuebler
et al., 1999; Nettles & McSween Jr., 2006; Okazawa et al.,
2002; Tsuchiyama, Nakamura, et al., 2002, Tsuchiyama,
Shigeyoshi, et al., 2002). By using pCT techniques, it is
possible to obtain valuable insights into the structure of
meteorites, including details about their internal structure
as well as their chemical composition. (e.g., Jéggi
et al., 2023; Kadlag et al., 2023; Uesugi et al., 2010).

The 19 extracted and powdered samples (17 CAls
and two test samples) were irradiated using a SkyScan
1174 micro-CT system (Bruker microCT, Kontich,
Belgium) at the Department of Space Science and
Planetology at the University of Bern. The irradiation
parameters of the system were optimized for accurate
visualization without altering the internal structure of the
CAIs. We used clear glass and plastic sample vials for
irradiation. To prevent any movement of the sample vial
during imaging, a small amount of plasticene clay was
used to fix the sample vial onto the holder bearing. All
samples were irradiated at a voltage of 50kV with a
current of 800 pA in 19 4 h shifts. For more information,
see Table 3. The projected images on the scintillator were
recorded by a 1.3 Mpixel CCD camera with a lens having
a 1:6 zoom range. Since the samples are small, we used a
reduced region of interest (ROI). For one single

TABLE 3. Acquisition parameters used for the pCT
analyses of the CAI samples.

Source voltage (kV) 50 Angular step (°) 0.2

Source current (pA) 800 Frame averaging 2

Resolution (pm) 13.31 Sharpening (%) 40

Filter No filter ~ Ring artifact 4
correction (%)

Exposure time (ms) 280 Beam hardening 20

correction (%)

Random movement  Off Acquisition time (h) 4

projection, we used an exposure time of 280 ms (at
50kV).

We used the NRecon (Micro Photonics Inc.) and
CTAn programs (Bruker®) for analyzing the CT images.
Since we used an acceleration voltage of only 50 kV, there
was significant X-ray absorption in the sample.
Consequently, ring artifacts and beam hardening
occurred. The latter happens when the X-ray beam passes
through an object, causing low-energy photons to be
more efficiently absorbed than high-energy photons. This
effect is particularly prominent in objects with high
density. Both effects, ring artifacts and beam hardening,
were corrected using the software package CTAn.

The 3-D images obtained for each powdered CAI
sample were reconstructed from stacked 2-D images. The
latter are grayscale images in which the grayscale is a
measure for the X-ray attenuation. Bright areas are areas
of high attenuation, that is, heavier elements and/or
higher density, and dark areas are regions of low
attenuation. The grayscale values were calibrated to a
value of 1 for air, that is, for the surrounding of the
sample. Since all samples were analyzed in the same
geometry, that is, same type of sample holder, same type
of powder, and similar filling heights, the relative
grayscale values are directly comparable. In such a set-
up, the lower grayscale value for some samples relative to
others cannot be due to density effects or different
geometries but must be due to the chemical composition.
Therefore, samples with a lower grayscale value are made
of lighter elements than samples with a higher grayscale
value. The grayscale values measured for the CAI
powders vary between 37 and 58 (Table 2).

For the studied CAI samples, the grayscale depends
essentially on the relative abundance of the light elements
Mg, Al, and Si to the heavier elements Ca and Fe. Since
the Al and Si concentrations in the CAI samples are
relatively constant, the variation in the light elements is
essential in Mg, which is a major target clement for
cosmogenic Ne production. It is obvious that the
complex chemical composition of CAIs cannot be
reduced to one single grayscale value (this was not the
purpose of the pCT study). For measuring chemical
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composition data, EDS and/or SEM analyses can obtain
more information even on small samples. The basic idea
behind the pCT study was to investigate whether there is
a correlation between grayscale values and cosmogenic
2INe production rates. The grayscale values depend on
the chemical composition of the samples in a similar way
as the 2'Ne production rates and we will show below that
there is indeed a reasonable correlation between the two.
Note that this correlation is expected to only hold for
similar samples. Different sample types having a
completely different chemical composition might have
a similar grayscale value but might have a completely
different *'Ne production rate. However, as long as
similar sample types are studied, the correlation
should hold.

For establishing the correlation, the 'Ne production
rates for the selected CAls calculated using their individual
chemical composition are compared to the grayscale
values measured for each CAI (see below). For the current
study, such a correlation is not necessary as the chemical
composition for the individual CAIs is known, and
therefore, individual production rates can be calculated.
However, in future studies on smaller CAlIs, the situation
might be different and the noble gas data must be obtained
on samples without chemical composition data. In such
cases, the relationship between grayscale values and *'Ne
production rates is helpful as pCT images can be obtained
nondestructively even from very small samples, and pCT
irradiation has no measurable effect on the noble gas
concentrations (Ghaznavi et al., 2023).

Noble Gas Measurements

We measured the He, Ne, Ar, and Kr isotope
concentrations in all CAls and the two test samples. The
powdered samples were gently pressed into the sample
holes of an aluminum sample holder (one sample per
hole) designed to minimize heating of neighbored samples
during extraction, that is, choosing aluminum because of
its relatively high thermal conductivity and designing a
thick bottom plate to drain off most of the excess heat.
To optimize the degassing of refractory samples, various
sample hole geometries (various depths, flat, angle, or
round bottom) were tested. An engineering drawing of
the different setups is shown in Figure 2. Tests were
performed using a powdered and homogenized bulk
sample of Allende. Among all studied designs, number 2
was the most efficient for complete sample degassing and
was therefore used in all further sample batches.

After loading, the samples were preheated at 80°C for
about 20 h to release atmospheric surface contamination.
One sample batch comprises five samples, blanks, and
calibrations. Samples were degassed using an infrared diode
laser having a continuous wavelength of 808 nm and a peak
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FIGURE 2. Different sample hole geometries tested for
enhancing complete extraction of noble gases from small,
highly refractory, powdered samples by laser melting.

output power of 75W (Type LMS80S, Dr. Mergenthaler,
Germany). The laser head is connected to a two-color
pyrometer. Since the laser spot is much smaller than the
sample size, we systematically scanned over the sample to
ensure complete degassing, and therefore, the extraction
temperature and the extraction time were not the same for
all samples. For a typical extraction, however, the
temperature was about 2700°C for up to 15min. For all
samples, complete melting was observed (forming a melt
droplet). In addition, we performed re-extractions at a
slightly higher temperature and/or longer extraction time to
ensure complete degassing.

The extracted noble gases were first cleaned using a
water trap, which is an empty stainless steel U-tube
cooled with liquid nitrogen (LN2). Even at the
temperature of LN2, the tube is not trapping any noble
gases but is efficiently trapping water. Next, the gas was
further cleaned using SAES® getters working at a
temperature of 280°C. Subsequently, the HeNe fraction
was separated from the Ar/Kr/Xe fraction using a
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charcoal held at the temperature of LN2. After the
measurement of the HeNe fraction, the Ar/Kr/Xe
fraction was released from the charcoal at 180°C and the
Ar fraction was separated from the Kr/Xe fraction by
freezing the latter into a charcoal held at a temperature of
—125°C. After trapping Kr and Xe into the charcoal, the
Ar fraction was trapped on a second charcoal trap held at
a temperature of LN2. Parallel freezing at different
temperatures makes the separation of Ar from Kr and Xe
more efficient. Next, the Ar fraction was released from
the charcoal at a temperature of 180°C and was measured
after the HeNe fraction had been pumped out. Finally,
the Kr/Xe fraction was released from the second charcoal
at 180°C and was measured after the Ar fraction had
been pumped out. Only the Kr in the Kr/Xe fraction was
measured because the additional analysis of the Xe
isotopes would have significantly increased the overall
duration of the measurements, which in turn would have
reduced the precision of the extrapolation of the Kr ion
signals to the time of gas inlet. Measurements were done
on an MAP 215-50 noble gas mass spectrometer, which is
a single detector instrument with a channeltron working
in counting mode and a Faraday Cup. The spectrometer
has an improved detection system to increase the
counting efficiency for heavy noble gases. The sensitivity
of the MAP 215-50 is similar to the one of the noble gas
mass spectrometer used by Vogel et al. (2003, 2004) but is
significantly lower than the one of the mass spectrometer
with a compressor source used by Koop et al. (2018).

Each sample measurement was accompanied by at
least one and up to six re-extractions, which were done by
shooting the laser onto the sample with a slightly higher
laser power and/or for a slightly longer time. The
re-extractions contributed up to 25% to the total sample
gas amounts (for ?'Ne) with the old sample holder
geometry (design 4 in Figure 2) and they contributed on
average ~1% (maximum 6%) to the total sample gas
amounts using the improved design (design 2 in Figure 2).

In addition, we performed regular blank measurements
by aiming the laser at an empty hole in the sample holder
(therefore, only five out of a total of nine holes were used
for samples, Figure 2). Finally, calibrations were performed
regularly using calibration gas with atmospheric isotope
composition for Ne, Ar, and Kr. The He calibration gas is
enriched in *He relative to “He with respect to air. The
results for He and Ne isotopes are summarized in Table 4;
for Ar, the data are given in Table 5, and the results for Kr
are given in Table 6.

MODEL CALCULATIONS OF COSMOGENIC
PRODUCTION RATES

To identify any potential exposure signature, the
CAIs might have acquired while free-floating in space

after their formation, that is, before their accretion into
the Allende parent body, it is imperative to first
determine the *'Ne production rates of the CAls during
their cosmic ray exposure in the Allende meteorite
during its travel in space. Any indications for
pre-accretionary exposure must be detected against this
common base level. Using exposure models, these *'Ne
production rates can be calculated either based on the
individual chemical composition and measured
*2Ne/?'Ne ratios or via the measured grayscale values and
the measured **Ne/?'Ne ratios.

The basics of the model have already been described
by Leya et al. (2021) and the model has already been used
in the study by Tauseef et al. (2024). Briefly, the model is
based on the particle spectra for primary and secondary
particles and the cross sections for the relevant nuclear
reactions. The new model version (U03) has some major
improvements compared to earlier approaches (e.g., Leya
& Masarik, 2009). First, the particle spectra are
calculated using the Geant4 toolkit (e.g., Agostinelli
et al., 2003). Second, the new model generation is the first
to fully include primary and secondary galactic a-
particles. Third, all relevant cross sections have been
adjusted according to recent changes in AMS standards
and/or half-lives, and fourth, the new model gives for the
first time uncertainties. For more information, see Leya
et al. (2021).

Using the new model, we calculated particle spectra for
a carbonaceous chondrite with a radius of 65cm (e.g.,
Nishiizumi et al., 1991) having the following chemical
composition (Wt%): H (<0.01%), C (0.29%), O (36.81%),
Na (0.377%), Mg (15.05%), Al (1.76%), Si (16.02%),
P (0.104%), S (2.02%), K (0.033%), Ca (1.88%), Ti
(0.094%), Cr (0.33%), Mn (0.152%), Fe (23.59%), and Ni
(1.43%) (e.g., Clarke et al., 1971; Fitzgerald, 1979;
Jarosewich, 2006; McCarthy & Ahrens, 1972). This object
is a good match for the carbonaceous chondrite Allende.
Note that the choice of the chemical composition or the
exact pre-atmospheric radius has only little influence on
the calculated >'Ne production rates. Since we are mostly
interested in relative production rates, that is, production
rates of one CAI relative to another CAI, the exact choice
of the pre-atmospheric radius is not critical. The production
rate differences among the studied CAls would remain
essentially unchanged for a slightly larger or a slightly
smaller object. The absolute production rates, however,
would change with radius.

Using the calculated particle spectra, the 2'Ne
production rates and ?Ne/*'Ne ratios were calculated for
each CAI (and for the two test samples) using their
individual chemical composition (Table 2). We have no
information on the pre-atmospheric shielding depths of
the studied CAls because they are from different hand
specimens. Since the 2'Ne production rate depends on
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TABLE 4. Mecasured and cosmogenic He and Ne isotope concentrations in the FG- and CG-CAIs and two test

samples.
Concentrations in 107% cm?STP g™

Sample Mass (mg) SHe “He 2Ne 2ONe/zzNe 21Ne/zzNe 22Ne/ZINeCOS 2'Neeos
Alvin 14.56 778 £0.10 15219+ 124 2460+0.053 1.115+0.035 0.865+0.013 1.121+0.020 1.906+0.013
CGft-3 # — — — — — — —
CGft-5 a — — — — — — —
CGft-6 11.74 b 17,981 +439 0.641 +0.444 0.410+0.282 0.824+0.028 1.2144+0.017 1.288 +£0.028
CGft-7 14.79 7.37+0.18  5102+94  0.660+0.167 0.450+0.116 0.800+0.020 1.250+0.031 1.175+0.016
CGft-8 13.42 7.08+0.16 5138+ 95 1.855+0.115 1.067+£0.074 0.793+0.019 1.229+0.029 1.377+0.018
CGft-10 14.36 582+0.14 17,324 +299° 1.2724+0.302 0.85340.207 0.821+0.017 1.21540.025 1.224+0.014
CGft-11 15.92 534+0.09 11,732+149 1.020+0.128 0.768 +0.100 0.840 +0.013 1.190+0.018 1.116 +0.009
CGft-12 15.86 6.79+£0.07 12,153+ 142 0.920+£0.047 0.711 £0.041 0.795+0.022 1.258 £0.035 1.027 £0.022
CGft-13 15.37 8.38+0.08 13,674+ 147 1.318+0.077 0.725+0.047 0.843+0.018 1.1864+0.025 1.533+0.016
CG13ft-Alt  15.28 8.47+0.18 14,057 +232 1.419+0.050 0.758 +£0.034 0.848 £0.024 1.179 £0.033 1.587 +0.029
FGft-12 10.47 580+0.22 6995+ 105 1.494+0.042 0.698+0.022 0.7324+0.014 1.366+0.026 1.567+0.015
FGft-13 10.03 6.27 +£0.07 —d 1.100 £0.075 0.694+0.048 0.7324+0.009 1.366+0.017 1.160 + 0.009
FGft-17 9.49 4.324+0.19  3750+57  2.071+£0.304 1.210+0.182 0.670+0.022 1.4324+0.047 1.145+0.011
FGft-19 13.08 —° 4164+ 109 1.543+0.310 0967 £0.192 0.669+0.012 1.473+0.026 1.067+0.012
FGft-23 8.79 496+0.09 3914+63 1.822+0.134 0.837+0.066 0.692+0.023 1.444+0.048 1.506+0.026
FGft-25 8.66 587+0.18 7074+185 2.199+0.115 1.109+0.028 0.730+0.010 1.329+0.111 1.446+0.011
FGft-27 9.96 5.75+0.07 26,444 +250 1.863+0.790 0.796 +0.340 0.7334+0.029 1.364+0.054 1.716+0.035
Testl 8.06 6.83+0.10 1165498  4.9454+0.291 1.973+£0.136 0.923+0.014 0.949 +0.064 2.304+0.011
Test2 11.64 7.394+0.09 2563+ 33 5.151+£0.183 2.176 £0.099 0.772+0.013 1.107 £0.067 1.817+0.016

Note: Values in italic indicate that the data might be affected by matrix contamination.

#Sample lost due to vacuum failure of the sample holder.
®He not measured due to technical problems.

“Second extraction not measured due to technical problems.
94He not measured due to technical problems.

shielding, we calculated average values. To be more
specific, for calculating the particle spectra, we divided
the 65 cm meteorite into 26 concentric shells, each with a
thickness of 2.5cm. The model therefore calculates 26
production rates, one for each shell, which are increasing
from the surface (shell 1) toward the center (shell 26). The
average production rate is then given by the average of
the 26 individual values.

The calculated average production rates range from
0.235x107% cm’®STP g~ ' Myr ' for CGft-5 to 0.397 x
107® em’STP g~ 'Myr ' for Alvin, that is, they vary by a
factor of ~1.7. This large variation clearly demonstrates
that using only one single production rate that has been
calculated for an average chemical composition cannot be
a reliable approach when searching for pre-irradiation
effects. For the samples studied here, even assuming that
all studied CAls come from similar shielding conditions,
we expect that the measured 2INe., concentrations
among the studied CAls vary by ~70%, simply due to
variations in chemical composition (for the same
irradiation time and the same irradiation geometry). For
example, by ignoring this effect and simply using an
average production rate, the (expected) higher *'Necos
concentration for 4/vin would be wrongly interpreted as a

pre-irradiation effect because it would be ~70% higher
than the (expected) *'Ne,os concentration for CAI CGft-
5.

For the present study, we are in the comfortable
situation that the chemical compositions of the studied
CAls are known, (Table 2) and therefore, individual
production rates can be calculated (Table 7). In future
studies, especially when studying smaller CAlIs from
other meteorite types, the chemical composition might
not be known before the noble gas measurements.
We therefore established a correlation between *'Ne
production rates and grayscale values for the studied
CAIs (Figure 3, right panel). We expect this correlation
to be applicable also to other CAIs from other
carbonaceous chondrite types. Figure 3 depicts the
calculated *'Ne production rates as a function of
grayscale values for the FG- (open symbols) and CG-
CALIs (gray symbols). For each grayscale value, there is a
range of *'Ne production rates (shown by the array of
symbols) that shows the range of data for the different
depths in the meteorite. For example, the symbol at the
lowest 2!Ne production rate (for a given grayscale value)
corresponds to the pre-atmospheric surface of the
meteorite and the symbols at the highest 2! Ne production
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TABLE 5. Measured and cosmogenic Ar isotope concentrations in the FG- and CG-CAls and two test samples.
Concentrations in 1078 cm3STP g~1

Sample BAr AT/ BAr YOAr YOArCAr 3B Aleos
Alvin 0.984 £0.024 1.22+£0.02 1428 + 39 1111420 0.860 £+ 0.046
CGft-3* — — — — —
CGft-5* — — — — —
CGft-6 1.506 £ 0.089 1.47 £0.05 278 £ 17 134+ 6 1.236 £0.127
CGft-7 1.996 +£0.112 1.21+£0.02 1636 + 94 720 £+ 28 1.749 +£0.148
CGft-8 1.649 £0.106 2.41+0.09 2389 + 137 638 +£1 1.023£0.191
CGft-10 1.498 £ 0.091 1.31 £0.05 671 £41 365+1 1.281 £0.121
CGft-11 1.408 +0.071 1.16 £0.03 777+ 72 88+ 4 1.249 +0.095
CGft-12 1.708 £ 0.088 1.18+£0.03 1352+ 91 563 £ 17 1.508 £0.118
CGft-13° — — — — —
CG13ft-Alt 1.756 £ 0.091 1.174+0.03 203+ 14 76 + 1 1.554 +0.121
FG-ft12 0.814+0.016 5.81+£0.13 20,869 + 400 4480 £ 100 ¢
FGft-13 1.243 £0.017 4.30 £0.07 7376 + 129 1403 + 30 0.270 £ 0.198
FGft-17 0.812£0.053 5.04£0.35 11,063 £353 2745 £ 96 0.048 £0.156
FGft-19 0.7524+0.039 1.70 £0.31 20,795 £ 505 16,670 £ 2963 0.580 + 0.064
FGft-23 0.983 +£0.019 9.85+£0.19 19,385+ 189 2034 +£27 ¢
FGft-25 1.130 £0.024 5.32+0.11 7898 + 147 1344 £33 0.000 £ 0.226
FGft-27 0.602 4+ 0.031 1.724+0.28 18,473 + 608 16,629 + 2608 0.462 +0.052
Testl 0.699 £0.017 5.34+0.08 5437 £ 147 1356 £ 25 ¢
Test2 0.638+0.014 4.33+0.05 3630+ 100 1224 £22 0.135£0.104

Note: Values in italic indicate that the data might be affected by matrix contamination.

“Sample lost due to vacuum failure of the sample holder.

PAr fraction lost due to technical problems.

38 Ar.os cannot be determined due to excess *°Ar caused by neutron capture.
TABLE 6. Measured Kr isotope data in FG- and CG-CAls and two test samples.

Concentration in 107% cm*STP g™

Sample 84Ky 8K /3K r® 80K r/%*Kr 8IR r/34K r® 82K r /84K r 8K r/AKr 8K /34K
Air 0.006087 0.03960 — 0.2022 0.2014 0.3052
Alvin 0.231+0.024 — 0.080 £0.009  0.0008 £0.0017 0.220£0.025 0.148£0.019 0.285+£0.027
CGft-3* — — — — — — —
CGft-5* — — — — — — —
CGft-6 0.501 £0.056  0.185+0.037  0.050 £0.007  0.0073 +£0.0022  0.199+£0.015 0.206£0.016  0.283 £0.019
CGft-7 0.973+0.124  0.023+£0.007 0.047£0.006 0.0029 +0.0008  0.217 £0.029  0.215+0.024  0.284 +0.035
CGft-8 0.545+£0.057 0.192+0.035 0.047+0.006 0.0051+0.0016 0.245+0.017 0.225+£0.014 0.305+0.026
CGft-10 0.421 £0.046  0.075+£0.021  0.083 £0.009  0.0058 £0.0018  0.208 +0.017 0.188+£0.011  0.261 £0.028
CGft-11 1.028 +0.035 — 0.0454+0.002  0.0049 £0.0014 0.211 £0.009 0.205+0.009  0.301 £0.011
CGft-12 0.829 +£0.078 — 0.058 £0.007  0.0029 £0.0011  0.188+0.019  0.2114+0.022  0.298 +0.037
CGft-13 0.573 £0.026 — 0.055£0.004 0.0050 +£0.0018  0.203+0.013  0.203+0.014  0.336 +=0.041
CG13ft-Alt  0.374+0.014 — 0.054 +£0.003  0.0044 £0.0017 0.229+0.012  0.235+0.011  0.300 £0.017
FGft-12 0.474 +£0.045 0.034 £0.030  0.3454+0.031 0.0092+0.0030 0.300+0.024 0.206 £0.015 0.301 £0.022
FGft-13 0.332£0.066  0.018 £0.018  0.489 £0.047 0.0024 +0.0025 0.407 £0.041 0.218 £0.026  0.306 £ 0.029
FGft-17 1.392+£0.091 0.009+0.016 0.065+0.009 0.0022+£0.0012 0.204+0.023 0.195+0.017 0.326 £0.029
FGft-19 1.088+0.116 — 0.075 +£0.008 — 0.219+£0.017 0.195+£0.017 0.291£0.023
FGft-23 0.645+0.061  0.008 £0.004 0.818 £0.062  0.0013+£0.0009 0.523+0.118 0.206£0.012  0.329£0.019
FGft-25 0.608 +0.050 — 0.148 +0.020 — 0.241+£0.019 0.205+£0.013 0.307£0.020
FGft-27 0.259 +0.081 — 0.197 £0.047 0.0149 £0.0090 0.2454+0.064 0.211 +£0.066  0.278 0.072
Test1 0.259 £ 0.042 — 0.124 £0.024  0.0044 £0.0035  0.200+0.043  0.184+0.041  0.253 +£0.054
Testl 0.311+0.018 — 0.063 +£0.008  0.0008 £0.0008  0.205+0.020 0.229+0.025  0.302 £ 0.024

Note: Values in italic indicate that the data might be affected by matrix contamination.
#Sample lost due to vacuum failure of the sample holder.
8K+ and 8'Kr are often below the detection limit, making the "*Kr/**Kr and 3'Kr/**Kr ratios unreliable.
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TABLE 7. *'Ne..s concentrations (107® ¢cm’STP g™ "), ?!Ne,s production rates (107'®* ¢cm®STP g ' Myr™'), and
modeled CRE ages (Myr) of FG- and CG-CAIs and two test samples.

Grayscale Direct

Sample 2Negos P(21,grayscale) CRE age P(21,direct) CRE age
Alvin 1.906 £0.013 0.330 + 0.069 5.78+1.12 0.397 +0.047 4.80+£0.57
CGft-3* — 0.344 £0.072 — 0.374 £0.041 —
CGft-5* — 0.205+£0.043 — 0.235+£0.047 —
CGft-6 1.288 +0.028 0.256 + 0.054 5.03+£1.07 0.249 +0.024 5.17+0.51
CGft-7 1.173 £0.016 0.293 £0.061 4.00 £0.84 0.238 £0.021 493 +£0.44
CGft-8 1.377+£0.018 0.295 £0.062 4.67 £0.98 0.277 £0.028 4.97+£0.51
CGft-10 1.224+0.014 0.294 1+ 0.062 4.16 +0.88 0.252 +0.024 4.86 +0.47
CGft-11 1.116 £ 0.009 0.235+£0.049 4.75+£0.99 0.271 £0.027 4.12+£0.41
CGft-12 1.027 £0.022 0.232 £0.049 443 +£0.94 0.207 £0.016 4.96£0.40
CGft-13 1.533+0.016 0.273 +0.057 5.62+1.17 0.243+0.023 6.31 £0.60
CG13ft-Alt 1.587 £0.029 0.280 £ 0.059 5.67+1.20 0.248 £0.024 6.40 £ 0.63
FGft-12 1.567 +0.015 0.392 +0.082 4.00 +0.84 0.366 + 0.039 428 £0.46
FGft-13 1.160 % 0.009 0.277 £ 0.058 4.19+0.88 0.277 +£0.027 4.19+0.41
FGft-17 1.145+0.011 0.329 £0.070 348 +£0.74 0.330 £0.035 347+£0.37
FGft-19 1.067 +£0.012 0.298 + 0.063 3.58+£0.76 0.327 £0.037 3.26 £0.37
FGft-23 1.506 +0.026 0.306 + 0.062 4.92+1.00 0.316 +0.033 4.77 £0.50
FGft-25 1.446 +0.011 0.309 £ 0.065 4.68 £0.99 0.317£0.033 4.56 £0.48
FGft-27 1.716 +0.035 0.302 + 0.064 5.68 +£1.21 0.3174+0.033 5.41+0.57
Testl 2.304 +£0.011 0.297 + 0.064 7.76 £ 1.67 0.465 1+ 0.061 4.95+£0.65
Test2 1.817+£0.016 — — 0.321 £0.040 5.66 +0.71

Note: Values in italic indicate that the data might be affected by matrix contamination.

#Sample lost due to vacuum failure of the sample holder.

rates correspond to regions close to the pre-atmospheric
center. The star shown for each sample is the average
(see above). The *'Ne production rates are in 1073
em’STP g 'Myr~'. There is a reasonable linear
correlation between 2'Ne production rates and the
grayscale values, the best linear fit is:

P(*'Ne) = (7.17£0.77) x 1077 —(8.86 £ 1.60) x 10~"!

10~ 8cmSTP
x Grayscale | ——
gMyr

The deduced correlation holds for FG- and CG-CAls
as well as for CG-CAls of type A and type B. Typical
uncertainties for the *'Ne production rates are ~20%.
However, for this study, we are mostly interested in relative
production rates, that is, the production rate of one CAI
relative to another CAI. Considering only the uncertainties
for the slope, the relative production rates have
uncertainties in the range of ~18%. Assuming a CRE age
for Allende of ~5 Myr (Scherer & Schultz, 2000), we would
be able to detect an excess exposure of ~900kyr (lo
relevance) or ~ 1.8 Myr (20 relevance). This would be
sufficient for finding pre-accretionary irradiation effects
lasting ~1-2Myr, which is just within the time span
between CAI formation and chondrite parent body
accretion (e.g., Piralla et al., 2023; Sugiura & Fujiya, 2014).

With more data, that is, more CAls with known chemical
composition and measured grayscale values, the correlation
could be improved, that is, could be made more precise,
and consequently, the chances of detecting even shorter pre-
irradiation effects could be improved. With the known
chemical composition data, production rates can be
calculated with an uncertainty of ~10%, which enable one
to detect an excess exposure of ~500 kyr (1o relevance) or
~1.0 Myr (20 relevance). This clearly demonstrates how
much such a study benefits from known measured chemical
composition data.

Figure 3 (left panel) depicts the (*Ne/>'Ne)o, ratios
as a function of measured grayscale value. The question
is, are the (**Ne/?'Ne)., ratios dominantly determined by
the chemical composition of the studied CAIs or
by shielding? For example, samples with higher than
average Na concentrations would have—independent on
shielding—high (**Ne/*'Ne).,s ratios, because **Ne
production from Na is very efficient. Indeed, because of
their higher Na concentrations, FG-CAls (open symbols)
have on average higher (**Ne/?'Ne)o, ratios than CG-
CAIs (solid gray symbols). There is, however, no trend of
(**Ne/*'Ne)eos with grayscale. Instead, the large scatter of
the data indicates that (**Ne/?'Ne)eos is dominantly
determined by the chemical composition, but not by the
elements affecting the grayscale value. Therefore,
differences in (**Ne/*'Ne).,s among the different CAIs
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Fine and Coarse Grained CAls from Allende
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FIGURE 3. Modeled (**Ne/?!'Ne).,s as a function of grayscale values (left panel) and modeled >'Ne,., production rates as a
function of grayscale values (right panel). For modeling the particle spectra, a CV carbonaceous chondrite with a pre-
atmospheric radius of 65cm is assumed. The production rates and production rate ratios are then calculated using the individual

chemical composition of the CAls.

cannot be interpreted with respect to shielding; a lower
(**Ne/?'Ne).s ratio is no indication for higher shielding
and therefore higher *'Ne.o production rates (as it is
usually the case for meteorites of this size) but can simply
be due to variations in chemical composition. Indeed,
there is a slight trend of higher (**Ne/*'Ne)., ratios for
samples with higher Na,O concentrations.

RESULTS AND DISCUSSION OF THE NOBLE
GAS DATA

This section summarizes the results for the He, Ne,
Ar, and Kr isotope composition measured in the CAls.
Whenever possible, the results are compared to data from
earlier work (e.g., Vogel et al., 2004).

Radiogenic “He and “He,,q Gas Retention

For calculating “He,,q, we start with measured 4HeexlD
and subtract cosmogenic *“He.,,. The latter has been
calculated assuming all *He to be cosmogenic, which is
reasonable considering that the measured Ne isotope
ratios are all close to cosmogenic, and assuming

(*He/’He)cos ~ 6 (c.g., Alexeev, 1998; Leya & Masarik,
2009). In addition, we assume that trapped *He is zero,
which is reasonable considering that CAIs were
completely degassed during formation, and we also
assume that there were no diffusive losses. The calculated
“He,,q concentrations are summarized in Table 8. The
radiogenic “He concentrations range from (3884 + 63) x
1078 em®STP g~! for FGft-23 to (26,410 +250)x 10~°
em®STP g~ ! for FGft-27, that is, they vary by almost a
factor ~7. Since *He,,q is from the radioactive decay of U
and Th, the large variation in *He,.q indicates large
variations in U and Th concentrations.

For calculating the expected total amount of ‘He,.d,
the U concentration, the Th/U ratio, and the CAI
formation age must be known. For the latter, we use 4567
Myr. The percentage of retained “He,.q is then obtained
by comparing the expected *He,,q concentrations to the
measured “He,,q concentrations (Table 8). Doing so, the
U concentrations were measured for all CAls, but the Th
concentrations were only measured for FG-CAIs (see
Table 8). For the FG-CAIs, for which the calculations
are straightforward, the data indicate complete or almost
complete retention of “He,,q. For the CG-CALIs, one must
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TABLES8. K, U, and Th concentrations, *He..q and “°Ar,.q concentrations, *He,,q retention rates, and K

concentration calculated from *°Ar,,q.

Th- “He gas
“He(rad) U-conc. conc. retention YOAr (rad) K-conc. from K-concentration
Sample (107 8cm?STPg™') (ppb) (ppb) (%)? (10 %m’STP g~ ") *°Ar (rad) (ppm)°  (ppm, measured)
Alvin 15,172 £ 125 88.7 327% ~98* 1428 + 39 170 200 + 2900
CGft-3* — — — — — 1300 + 2275
CGft-5* — 106 392% — — — 0 42400
CGft-6 17,981 +439°¢ 102 377+ ~100* 278 £ 17 0 042400
CGft-7 5058 +95 23.7 87.7* ~123% 1636 + 94 205 0 4+ 2400
CGft-8 5095 £ 96 32 118%* ~100* 2389 + 137 300 200 + 2400
CGft-10 17,289 £ 300 98.7 365% ~100* 671 £41 85 042400
CGft-11 11,700 £+ 150 66.7 247 ~100* 777+ 72 0 0 + 2400
CGft-12 12,112+ 142 69.7 258% ~100* 1352 £ 91 170 0 4+ 2400
CGft-13 13,624 + 147 76.2 382% ~103* — — 042400
CG13ft- 14,006 + 233 — — 203+ 14 0 0+ 2400
Alt
FGft12 6960 + 106 10 226 >100 20,869 + 400 2620 3000 £+ 2300
FGft13 — 10 241 — 7376 + 129 930 1000 + 2400
FGft17 3724 £ 58 3 415 58 11,063 + 353 1390 3000 + 2300
FGft19 4164 + 109° 9 161 >100 20,795 £ 505 2610 2900 + 2300
FGft23 3884 + 63 22 239 63 19,385+ 189 2430 2900 + 2300
FGft25 7039 + 186 8 343 >100 7898 + 147 995 2200 + 2300
FGft27 26,410 +250 180 69 >100 18,473 + 608 2320 3700 £+ 2300
Testl 1124 +99 6.88 +0.60 5437 + 147 685 600 + 2400
Test2 2519 + 34 15.44+0.21 3630 £ 100 455 300 £ 2400

Note: Values in italics indicate that the data might be affected by matrix contamination.

“Sample lost due to vacuum failure of the sample holder.
®Second re-extraction is missing.
°No *He measurement, assuming all “He is radiogenic.

dpercentage of “He,,q retention calculated from U and Th concentrations and assuming a gas retention age of 4.567 Gyr.
°K concentrations calculated from *’Ar,.q and assuming a gas retention age of 4.567 Gyr.

*Assuming Th/U ~ 3.7 for CG-CAls.

make assumptions about the Th/U ratio. Brennecka
et al. (2010, 2017) measured for five CG-CAIs from
Allende Th/U ratios between 2.1 and 4.5. For two other
CG-CAIs, however, the Th/U ratio was as high as 12.1.
In an earlier study, Mason and Taylor (1982) determined
Th/U ratios of 6.4 and 9.2 for two CG-CAls. Excluding
the two ratios >10 gives an average Th/U ratio for CG-
CAIs of 4.54+2.1. This ratio is essentially chondritic
(Th/U ~3.7) and might be a good approximation for
CAls that have not suffered much U volatile losses.
For calculating *He retention rates of the CG-CAls, we
assume Th/U~ 3.7, consistent with most of the
experimental data. Based on this Th/U ratio,
the calculated “He,,q retention rates are between ~90%
and ~ 120%, that is, essentially complete *He,,q retention
for all studied CG-CAIls (Table 8). For CG-ft-7, the
measured “He,,q concentration is higher than the
calculated/expected concentration, giving a nominal
retention rate of ~120%. For this CAI, assuming a Th/U
ratio of ~6.5, that is, well within the range of measured
ratios but consistent with a relatively low U
concentration, brings measured and calculated ‘He,og

concentrations into agreement (with 100% retention).
Our result for *He,,q is in line with Vogel et al. (2004),
who also concluded that radiogenic “He has been
retained in CV3 CAls.

Cosmogenic Ne Isotopes—Excess 'Ne in CAIs?

The results for Ne isotopes are summarized in
Table 4 and the isotope ratios are shown in an Ne-three-
isotope plot, that is, *°Ne/*Ne as a function of
2INe/*’Ne, in Figure 4. Also shown are data for Allende
CAIs from Vogel et al. (2004) (light gray diamonds) and
data for matrix material, rim material, and dark
inclusions from Allende (Vogel et al., 2003) (light gray
squares). Most of the studied CAIs have *°Ne/*’Ne and
2INe/*’Ne ratios in agreement with expected cosmogenic
ratios. These CAIs also agree within the uncertainties
with the earlier data on Allende CAIls from Vogel
et al. (2004). Five samples, however, have *°Ne/**Ne
ratios higher than the assumed cosmogenic endmember
(**Ne/*Ne in brackets); Alvin (1.11540.035), CGft-8
(1.067 £0.074), FGft-17 (1.210+0.182), FGft-19 (0.967
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FIGURE 4. Ne-3-isotope plot showing the data for the coarse- and fine-grained CAls. Also shown are the data for Allende
CAIs from Vogel et al. (2004) and for Allende matrix, dark inclusions, and rim materials from Vogel et al. (2003).

+0.192), and FGft-25 (1.109+0.028). The high
2Ne/**Ne ratios might indicate either remaining blank
contributions (atmospheric Ne isotope composition)
and/or matrix contamination, which would be a mixture
of Ne-HL and Ne-Q (see Vogel et al., 2003 for data for
Allende matrix material). Despite considering significant
matrix contamination (more than 1%) unlikely (Alvin
and CGft-8 are very peculiar coarse-grained CAls; Alvin
is a forsterite-bearing CAI and CGft-8 is a fluffy type A
CAI with clear alteration features), contamination can
nevertheless not completely be excluded. These five
samples are therefore not discussed any further (also not
for Ar and Kr). This leaves 11 of the 16 studied CAls for
further analysis. Note that CGft-10 and FGft-23 also have
20Ne/**Ne ratios slightly higher than the value of 0.83.
However, considering that the cosmogenic *°Ne/**Ne
endmember ratio is not that well constrained, we consider
these samples still as reliable.

The cosmogenic (22Ne/21Ne)COS and *'Ne,,, values are
calculated wusing a two-component deconvolution
assuming air (*°Ne/**Ne =9.8 and *'Ne/*Ne = 0.02878)
and cosmogenic (*°°Ne/**Ne = 0.83) as endmembers. For
nine of the 16 CAI samples for which there are data, the
measured “’Ne/*’Ne ratios are lower than the assumed

cosmogenic endmember of 0.83. For these samples, no
corrections were applied. The uncertainties given for
2INeos and (**Ne/?'Ne).os are either the raw uncertainties
from the noble gas measurements, including counting
statistics, extrapolation of the signal back to the time of
gas inlet, and corrections for blanks, interference, and
fractionation, or half of the size of the correction applied
for removing remaining air contamination, whatever is
larger. The thus calculated uncertainties do not take into
account systematic uncertainties and hence should not be
used for inter-laboratory comparison of isotope ratios
and gas concentrations. Typical systematic uncertainties
are ~2% for isotope ratios and ~4% for gas
concentrations. In this study, however, we are interested
in differences in gas concentrations among samples
measured with the same instrument, using the same
calibration, and therefore, such systematic effects cancel
out. For the following discussion, we also ignore the two
test samples Test! and Test2.

The measured 2'Ne.,, concentrations range from
(1.027£0.022) x 10 em’STPg~' for CGft-12 to
(1.716 £ 0.035) x 10~ ® cm®STP g~ ! for FGft-27. There is
no indication that >'Ne.., concentrations differ between
CG- and FG-CAIs. The range measured here is in good
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agreement with the range of >'Ne concentrations
(0.97x10* cm’STP g '—1.72x 10 cm®STP g ') given
by Vogel et al. (2004) for 19 CAls from Allende. The
(**Ne/*'Ne)eos ratios vary between 1.179+0.033 for
CGft-13-Alt  and 1.444 +0.048 for  FGft-23.
For (**Ne/*'Ne).os there is a trend of higher ratios for
FG-CALIs than for CG-CAls, which can be explained by
the higher Na concentration of FG-CAIs (see Table 2
and discussion above). This is in agreement with the
finding of Vogel et al. (2004) and indicates—but does not
prove—that most of the cosmogenic Ne accumulated
long after the secondary alteration event, that is, after the
Allende meteoroid was released from its parent body.

Using Equation (1), we calculated *'Ne production
rates from measured grayscale values for the studied
samples, P(21,grayscale). The results are given in
Table 7. The production rates for the CAlIs
(10 3em’STP g~ ! Myr—!) vary between 0.205 + 0.043 and
0.392 + 0.082, that is, the variation almost a factor of ~2.
The large variation clearly demonstrates how important
it is to correct for chemical composition when comparing
gas concentrations of different CAls (even from the same
meteorite). We also calculated >'Ne production rates
directly by using the model calculations (see section
Model Calculations of Cosmogenic Production Rates)
and the individual chemical composition of the CAls,
P(21.,direct) (see also Figure 3). The calculated
production rates (in 10~ cm®STP g~' Myr ') range from
0.235 to 0.366, that is, the variation is ~60% (Table 7). It
is difficult to assign uncertainties to P(21,direct) because
the modeled uncertainties for the different samples are
highly correlated. The total uncertainty of the modeled
2INe production rates is expected to be in the range of
10%-15%. However, ratios of production rates, as used
here, are more precise. In our case, however, the chemical
compositions of the studied samples vary and thereby
make uncertainty estimates even more challenging. Here,
we assume a 5% uncertainty for P(21,direct). The
maximum deviation between P(21.,direct) and P(21,
grayscale) is ~20% for CGft-7. Calculating the ratios
between P(21,grayscale) and P(21,direct) for all CAlIs and
averaging the ratios gives a value of ~0.95, i.e., on
average P(21,grayscale) is ~5% higher than P(21,direct).
In this study, we are in the fortunate situation that we can
calculate production rates directly for each CAI because
we know their chemical composition. In future studies,
however, when smaller CAls from other meteorite types
will be studied and no chemical composition data are
available, the P(21,grayscale) values might provide a
useful alternative.

Next, we divided the measured >'Ne,. concentrations
by the *'Ne production rates, thus calculating model CRE
ages for each CAI The ages are summarized in Table 7.

Using P(21,grayscale), the ages range from 4.00 4 0.84 Myr
to 5.68 £ 1.21 Myr with no trend between FG- and CG-
CAls. For P(2l.direct), the model ages range from
4.12+0.41 Myr to 6.40+£0.63 Myr, again showing no
trend with CAI type. The average deviation between ages
calculated using P(21,grayscale) and P(21,direct) is ~5%
(Table 7); the ages calculated via P(21,grayscale) are
~5% shorter than the ages calculated via P(21, direct).
Note that the two samples, CGft-13 and CG13ft-Alt, which
are aliquots of the same CAI, yield identical CRE ages
within uncertainties. This gives some confidence in the
experimental data and in the data handling procedure.

Using the above data we, first, search for variations
in CRE model ages among the studied CAls, and,
second, compare the CRE model ages to the known CRE
age of the Allende meteorite. We start with a statistical
interpretation of the individual CAI data. First, an
outlier test was performed. Doing so, the first and third
quartiles and the interquartile range iqr = 3rd quartile—
Ist quartile were calculated. From this, the upper and
lower boundaries were calculated via upper = 3rd
quartile + (1.5 x iqr) and lower = 1Ist quartile—(1.5 x iqr).
All data above or below the upper and lower boundary,
respectively, are considered outliers and merit further
study. For the model ages calculated via P(21,grayscale),
there are no outliers and the average model age is
4.77+£0.64 Myr. A similar result is obtained for the
model ages calculated via P(21,direct); no outlier and an
average CRE age of 5.04 +0.73 Myr. The averages are
normal averages and the uncertainties are the 1o standard
deviations. To summarize, the outlier test indicates that
the database is consistent and that there is no indication
of excess *'Ne,s in any of the studied CAls.

As a next step, we test whether the data are normally
distributed, that is, whether they belong to one single
distribution. If so, the data are consistent with the
assumption that all studied CAls experienced the same
irradiation history, most likely within the Allende
meteorite. The Shapiro-Wilk test for normal distributed
data is applicable to sample sizes between 3 and ~ 50.
Using the model ages calculated via P(21,grayscale), the
Shapiro-Wilk test gives W =0.878 and p=0.098. For
model ages calculated via P(21,direct) one obtains
W=0.898 and p=0.175. Values of W close to 1 and
p>0.05 indicate that the data might be normally
distributed. For example, a p-value of 0.805 indicates that
the random sample, that is, the data, are with a
probability of 80% from a normal distribution. Again,
according to the test, there is no indication of excess
2INe,os in any of the studied CAIs and the data therefore
allow to calculate an average CRE age for the CAls.

After having established that the data are normally
distributed, we can calculate weighted averages and
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compare the model CRE ages for the CAls to the known
CRE age for Allende. The weighted (using uncertainties
as weights) average CRE model ages are 4.61 +0.29 Myr
for ages calculated via P(21,grayscale) and 4.87 £0.19
Myr for ages calculated via P(21,direct), respectively.
These ages are slightly shorter but still in agreement with
the CRE age for Allende of 5.2 Myr given by Scherer and
Schultz (2000).

Ne Data—Are There Any Indications for Ne-G?

In a recent study, Pravdivtseva et al. (2020) found
indications for Ne-G in the fine-grained Allende CAI
Curious Marie. The noble gas G component is thought to
be material from the He burning shell of Red Giant AGB
stars (e.g., Ott, 2014). Pure Ne-G can only be calculated
from models of AGB stars, and the Ne isotope
composition of presolar grains require mixing of Ne-G
with other Ne from the star. The isotope ratios *’Ne/**Ne
and *'Ne/*Ne in Ne-G are very low but are not well
constrained. There are only upper limits available, but
finite amounts of *°Ne and >'Ne are accompanying >*Ne.
Krypton from phase G shows large overabundances of
isotopes made by the slow-neutron capture process. The G
component of noble gases is carried by presolar grains of
silicon carbide. It is usually accepted that CAls formed
close to the Sun in an environment too hot for presolar
grains to survive. Pravdivtseva et al. (2020) presented
strong evidence for an incorporated SiC grain in the
Curious Marie CAIL In some of the temperature steps
(1250-1300°C), there was a clear signal for Xe-G, hints of
Kr-G, and a slight offset toward Ne-G. As already
mentioned by Pravdivtseva et al. (2020), the Ne data alone
provide only a weak argument because the **Ne/*'Ne
ratios can also be explained as being a mixture of
cosmogenic components produced from sodalite and
melilite. Considering that Curious Marie is almost pure
nepheline/sodalite (Pravdivtseva et al., 2020) due to the
extensive alteration, high **Ne/*'Ne ratios are expected.

Figure 5a depicts a comparison of measured and
modeled (**Ne/*'Ne)s ratios for the studied CG-CAls.
The modeled data are shown in a box plot, the stars show
the minimum and maximum values, the box covers all data
in-between the 25% and 75% quartiles, the small square
shows the average of the data, and the horizontal line inside
the box represents the median of the data. The gray
bars shown for each CAI represent the experimental
(*’Ne/*'Ne).os ratios, showing the full lo standard
deviation. Figure 5b depicts the data for FG-CAIs in the
same type of diagram. All experimental (**Ne/>'Ne)eos
ratios (gray bars) agree with the model predictions or are
lower than the model predictions (box plot). Therefore, all
(**Ne/*'Ne).os ratios measured by us for the CAls are fully
consistent with cosmogenic production. In none of the
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studied CAls are there any indications for excess >*Ne due
to incorporated SiC grains and therefore for the presence of
Ne-G. Also Vogel et al. (2004) found no indications for
trapped gases in their study of Allende CAls. It is
important to emphasize, however, that in the study by
Pravdivtseva et al. (2020) the indication for an incorporated
SiC grain in the Curious Marie CAl is based on the Xe
isotope data; the Ne data alone are also not indicative for
the existence of Ne-G and can fully be explained by
cosmogenic Ne production from sodalite and melilite, as in
our study and in the study by Vogel et al. (2004).
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Cosmogenic and Radiogenic Ar Data

The Ar data are given in Table 5. The measured **Ar
concentrations  range from  (0.60240.031)x 10~*
em’STPg' for FGft-27 to (1.996+£0.112)x 107°
em’STP g~ ! for CGft-7, that is, the variation is more than
a factor of 3. For most of the samples, measured
3Ar/*®Ar ratios are below 5.32, indicating that there is
cosmogenic Ar in the samples (*°Ar/*®Arc,s = 0.63). For
sample FGft-25, the °Ar/*®Ar ratio is within the
uncertainties identical to trapped Ar, either planetary or
(more likely) atmospheric contamination
(*°Ar/*®Ar, = 5.32; e.g., Ott, 2014). Two samples, FGft-
12 and FGft-23, have *°Ar/*®Ar ratios higher than the
trapped endmember (*°Ar/**Ar = 5.81 +0.13 for FGft-12
and 9.85 + 0.19 for FGft-23) indicating excess *°Ar.

Excess “®Ar can be due to thermal neutron capture
reactions on *°Cl to produce *°Cl, which then decays to
3Ar. The target element Cl might be in the secondary
mineral sodalite (Nag(AlgSigO,7)Cl,) or wadalite (Cag(Al,
Si,Mg),0,6C;3), which might have been formed by
aqueous alteration. If this is the case and the alteration
involves Na-Cl-bearing fluids (e.g., Kimura & Ikeda,
1995; Tang et al., 2017), samples with excess **Ar should
also be characterized by high Na abundances. Indeed,
FGft-12 and FGft-23 both have relatively high Na
concentrations (Table 2). In a broader sense, the
Na concentration in FG-CAIs is on average higher than
in CG-CAIs (Table 2), indicating a higher degree of
alteration for the former than for the latter. In agreement
with this, the *°Ar/**Ar ratios in FG-CAIs are on average
higher than in CG-CAls. To be more quantitative, the
increase in Cl during alteration is expected to be
accompanied by a decrease in Ca concentrations because
melilite is replaced by sodalite and nepheline (e.g.,
Brearley & Jones, 1998). In this picture, samples with low
Ca concentrations are more altered, have higher CI
concentrations, and therefore higher **Ar/*®Ar ratios.
Figure 6a depicts the *°*Ar/**Ar ratios as a function of
CaO concentrations. There is indeed a trend of higher
FAr/*®Ar ratios for lower CaO concentrations, though
there is significant scatter in the data. This scatter,
however, is expected and can be explained by the fact
that, for excess *°Ar, not only high Cl concentrations but
also high thermal neutron fluxes are necessary. The
thermal neutron flux in a meteorite like Allende strongly
depends on the shielding depth of the sample; it is highest
close to the pre-atmospheric center and lowest close to
the pre-atmospheric surface. Therefore, some samples
might have a high Cl concentration (as shown by a high
Na concentration) but might originate from lower
shielding depths and are therefore not (or less) affected
by thermal neutron capture effects. Consequently, it is
well possible that at least some of the measured *°Ar/**Ar
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FIGURE 6. Measured *°Ar/*®Ar ratios as a function of CaO
concentration for coarse-grained CAls (gray dots) and fine-
grained CAls (open circles) from the Allende meteorite (a).
Cosmogenic °Ar concentrations as a function of CaO
concentrations for the same samples.

ratios are not affected by trapped Ar, but that the data
can be explained by mixing the cosmogenic component
with neutron capture produced Ar, which has
COAr/*8Ar),. ~ 300.

Since cosmogenic **Ar is dominantly produced by
spallation of Ca, the alteration event that increased CI
and reduced Ca would not only be detectable by higher
3Ar/*®Ar ratios but also by lower **Ar.., concentrations.
Figure 6b depicts the 38 Ar.os concentrations as a function
of CaO concentrations. There is a clear trend that
samples with higher *®Ar.,, concentrations have higher
CaO concentrations and vice versa. In summary, the data
show a clear trend that FG-CAIs are more altered, have
higher 3 6Ar/38A1r ratios, and lower *®Ar,, concentrations
than the less altered CG-CAls. Our data and the data
interpretation agree with the study by Vogel et al. (2004).

The U-concentrations are supporting the discussion
above. A high degree of aqueous metamorphism is often
accompanied by loss of U, which becomes mobile when
exposed to an oxidizing fluid (e.g., Langmuir, 1978; Tang
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et al., 2017). On average, the U concentrations for the
FG-CALIs are significantly lower than for the CG-CAIs
(Table 8).

Cosmogenic **Ar concentrations show no correlation
with 2'Ne., which is due to the significant dependence of
3 Ar.s on the chemical composition. *®Ar,. varies with
Ca concentration, that is, samples high in Ca have high
BAr.os and samples low in Ca have low **Ar,. The
variation in *®*Ar. is more than a factor of 6 (only
considering samples with no indications for matrix
contamination, see above). In addition, also the *'Ne.o,
concentrations vary due to variable Mg, Al, and Si
concentrations. However, the variation in 2'Ne, is only
50%, that is, much lower than the variation in *®Ar..
Consequently, since **Ar.,s strongly depends on the Ca
concentration, but the model calculations for Ar isotopes
from Ca are not well constrained, **Ar..s is not useful for
studying pre-irradiation effects in CAls.

Assuming all “°Ar to be radiogenic from *°K decay
and “°Ar gas retention ages of 4.567 Gyr, we calculated
the K concentrations needed to produce the measured
40Ar,,q concentrations. For CGft-6, CGft-11, and CGft-
13-Alt, the calculated K concentrations are zero because
measured 4OAr/36Ar ratios are below 295, that is, below
the ratio assumed for the trapped endmember. The
highest 4OAr,.q concentration is for FGft-12, which gives a
K concentration of ~2620 ppm (Table 8). Note that the
K concentrations might be slightly too large because
some of the measured “°Ar, which is assumed to be
“Ar,.g, might be “Ar from remaining terrestrial
contamination. The calculated K concentrations agree
with the chemically determined K concentrations
(Table 2); though the latter have very high uncertainties,
making this comparison less meaningful.

Like for *He,nq, losses of *°Ar,,q that occurred very
early in solar system history, that is, within the first few
kyr or Myr, would remain unnoticed. For example,
complete loss of the small amount of “°Ar,,q produced
within the first 2 Myr would reduce the total *°Ar,.4
measured by us today only by ~0.1%, which would be
undetectable considering the uncertainties involved in
“Ar and K concentrations. Consequently, the finding of
consistent *°Ar,,4 and K data is no proof of gas retention
during early solar system alteration events.

Cosmogenic and Planetary Kr Data

The Kr isotopic data are compiled in Table 6 and are
shown in Figures 7 and 8. Since some of the *Kr data
are too high, likely due to unresolved hydrocarbon
interferences, they are not discussed any further. The
measured concentrations are low, being in the range of
107" em’STP for ®*Kr and 107'? em®STP for %%Kr,
which explains the relatively large uncertainties. Figure 7
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FIGURE 7. Kr/**Kr (i = 80,82,83,86) isotope ratios relative to
atmospheric composition for coarse-grained (upper panel) and
fine-grained (lower panel) CAls from the CV 3.6 carbonaceous
chondrite Allende.

depicts the Kr isotope ratios, normalized to **Kr, relative
to terrestrial isotope ratios. In this plot, a value of 1
indicates that the measured ratio is identical to the
terrestrial ratio, indicating that the measured ratio is
indistinguishable from atmospheric contamination
and/or blank. The results for the CG- and FG-CAIs are
shown in a and b, respectively. For the CG-CAlIs (panel
a), all ®Kr/*Kr ratios deviate from terrestrial. For
82Kr/**Kr, only sample CGft-13-Alt is slightly higher
than terrestrial, though the differences disappear within
the 2c-uncertainties. For **Kr/*Kr, samples CGft-10 and
CGft-13-Alt deviate from terrestrial, but barely outside
the 20 uncertainties. The only significant deviation is for
CAI Alvin, for which the *Kr/**Kr ratio is lower than
terrestrial by almost 3o (Alvin is not discussed any
further because of a likely matrix contamination, see
above. As an alternative, Alvin could also contain some
olivine). All studied CAIs have *°Kr/**Kr ratios in
agreement with the terrestrial value.

For the FG-CAIs, all ®Kr/*Kr ratios are much
larger than unity, indicating a clear ’Kr excess. Most of
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the studied CAIs also show an excess in °Kr/**Kr, the
only exceptions are FGft-28 and FGft-27; however,
the differences between measured and terrestrial ratios
are just outside the 2c uncertainties and are therefore
considered as not relevant. For **Kr/**Kr and *Kr/**Kr,
all measured ratios agree within the uncertainties with
their respective terrestrial ratios. In general, excesses in
%9Kr and **Kr are much larger for FG-CAIs than for
CG-CAlIs. For example, for the CG-CAls, the highest
80K r/%*Kr ratio is ~2 times higher than terrestrial. In
contrast, for FG-CAls, the maximum 80Kr/84Kr ratio is
more than 20 times higher than terrestrial.

To summarize, most of the Kr isotope ratios agree
with the ratios for the terrestrial atmosphere, indicating
that most of the Kr is (likely) atmospheric contamination
and that there is no, or only very little cosmogenic Kr.
Exceptions are the °Kr/**Kr and 3*Kr/**Kr ratios, which
for all FG- and some of the CG-CAIls deviate from the
terrestrial ratios. Figure 8 depicts measured **Kr/**Kr as
a function of **Kr/**Kr for CG- and FG-CAIs. There is a
clear linear trend between the ratios, indicating that both
are affected by a similar or the same process, which is in
this case neutron capture on Br. Thermal and epithermal
neutron capture on °Br and ®'Br produces (after p-

decay) ®°Kr and %°Kr. Thermal neutron capture reactions
are relatively common in carbonaceous chondrites,
especially in carbonaceous chondrites of the size of
Allende (pre-atmospheric radius~65cm, see also
discussion of Ar isotopes). The slope of the correlation
line is 0.393 +0.04, which is indistinguishable from the
slopes of 0.3855+0.0014 and 0.3837 +0.0017 given by
Pravdivtseva et al. (2020) for the stepwise heating data of
the Allende CAI Curious Marie.

None of the studied CAls show any indications for
86K r excesses, which would be indicative for an s-process
contribution as proposed by Pravdivtseva et al. (2020).
However, as for the Ne isotopes (see above), small Kr-G
contributions would remain undetectable in the one-
temperature step approach. The finding that FG-CAIs
have on average higher *°Kr/**Kr and 3*Kr/**Kr ratios
than CG-CALIs indicates that the former have on average
higher Br concentrations than the latter. This is
understandable, if Br is introduced into the CAIls by
secondary alteration, and is in line with the discussion
before for Na and Cl.

The main motivation for measuring Kr isotopes was
to determine whether it is possible to also use the *'Kr-Kr
dating technique to search for pre-irradiation effects. The
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advantage of this technique is that it largely corrects
internally for shielding and its dependence on the
chemical composition is only very minor. The idea is as
follows. Starting with the equation from Leya et al.
(2015), that is,

0.43 4+ 0.02 8K
r= ( ) X\ g -
281 Kr

cos

where Ag; is the *'Kr decay constant (3.03 Myr ')
(Baglin, 2008), the subscript “cos” denotes the
cosmogenic component of the Kr isotopes, and
the calculated CRE age T is expressed in Myr. The term
(PKr/BKr)eo is the isotope ratio of cosmogenic *Kr to
8Kr and the value (0.43+0.02) is essentially the
production rate ratio P(®'Kr)eos/P(**Kr)eos, which is
largely independent on shielding and chemical
composition (Leya et al., 2015). However, for this
technique to work, there must be clear cosmogenic
signals for both ®'Kr and 3*Kr. Unfortunately, none of
our samples show clear cosmogenic signals, neither for
81Kr nor for ®Kr, which is likely due to the small
sample size. Consequently, for establishing the *'Kr-Kr
dating system to study pre-irradiation effects in CAls,
more material and/or a more sensitive mass
spectrometer is needed. For an earlier approach, sece
also Vogel et al. (2009).

DISCUSSION

Depending on the hypothetical pre-accretionary
irradiation scenario, different outcomes for a study like this
could be predicted. First, pre-irradiation of CAls before
accretion into the chondrite parent bodies is not expected to
be homogeneous for all CAls. Instead, it is expected that
some CAls were irradiated for longer and/or more intensely
than others before incorporation into the parent body.
Consequently, some CAls should have more *'Neg,, due to
pre-compaction irradiation than others. One would
therefore expect that all CAls have a similar base level of
2Neyos (if their different chemical compositions are
considered) caused by their irradiation in the Allende
meteoroid and that some (or all) CAls have >'Ne due to
pre-accretion irradiation, but that such pre-irradiation
signals are likely heterogeneous among the studied CAls.
One would not expect that all studied CAls belong to a
single normal distribution with no outliers. More intensely
pre-irradiated CAls would have more *'Ne,, and would
therefore qualify as outliers. Second, if one imagines that
the studied CAIs experienced very similar pre-accretion
irradiation, that is, similar irradiation times at similar solar
system locations, one would expect that the 2Neos
concentrations in CAls are relatively homogeneous but

higher than the 2N, concentration for the bulk meteorite
(corrected for variations in chemical composition), that is,
that the model CRE ages for the CAls are higher than the
model CRE age for the bulk meteorite.

We have shown that the cosmogenic Ne data are
consistent with being from one single normal distribution
without outliers. This finding enabled calculating weighted
average model CRE ages of 4.61 £0.29 Myr (via P(21,
gray)) and 4.87+0.19 Myr (via P(2l,direct)). The
calculated model CRE ages for the studied CAls agree with
the accepted CRE age of Allende. Therefore, the data
indicate that there was either no pre-irradiation or that
there was a pre-irradiation, but that the entire pre-
irradiation signal was lost during the early alteration event.

Despite the finding that the CRE ages are normally
distributed, that there are no outliers, and that the model
CRE ages for the CAIs agree with the CRE age for
Allende, we nevertheless study whether CRE ages depend
on the degree of alteration. The motivation for this is in
the observation that there is significant scatter in the
CRE ages. As can be seen in Table 7, the CRE ages range
from 4.12 £ 0.41 Myr for CGft-11 to 6.40 +0.63 Myr for
CGft-13-Alt, that is, the variation is almost 60%. The
question is as follows: Are the CRE ages longer for CAls
showing a lower degree of alteration than for
CAIs showing a higher degree of alteration. If this is the
case, longer CRE ages, that is, higher 2INecos
concentrations, could indicate leftovers of a pre-
accretionary irradiation signal that has not been
(completely) erased by the early aqueous alteration event.
If there is no such trend, then either there was no pre-
irradiation or all of the pre-irradiation signatures were
lost in all CAls independent on their degree of aqueous
alteration.

The following discussion is based on CRE ages
calculated using P(21,direct). If some of the pre-
irradiation effects would have been reduced (but not
completely lost) by aqueous alteration, one would expect
that CAls that are more altered (high Na and low U
concentrations) lost a larger part of pre-irradiation
produced *'Ne, than CAIs showing less effects for
alteration (low Na and high U concentrations). We first
assume that the Na,O concentration is a measure for the
degree of alteration because the target element Na is
likely in the secondary mineral sodalite, that formed by
aqueous alteration (e.g., Kimura & Ikeda, 1995; Tang
et al., 2017). Figure 9a depicts the CRE ages as a function
of measured Na,O concentrations. There is no
correlation between CRE ages and Na concentration,
that is, with the degree of alteration. A similar test is
possible by plotting the CRE ages as a function of U
concentrations. A high degree of aqueous metamorphism
is often accompanied by loss of U (e.g., Langmuir, 1978;
Tang et al., 2017; see also above). Figure 9b depicts the
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FIGUREOY. Modeled CRE ages for coarse- and fine-grained
CAIs from the CV 3.6 carbonaceous chondrites Allende as a
function of measured Na,O concentrations (a) and U
concentrations (b). Na,O and U concentrations serve as a
proxy for the degree of aqueous alteration. Not show are the
data for Alvin, CGft-8, FGft-17, FGft-19, and FGft-25, which
might be compromised by matrix contamination.

CRE ages as a function of U concentrations. Again, there
is no trend between CRE ages and the degree of
alteration.

While Figure 9 indicates that CRE ages show no
trend with Na and U concentration and are therefore
fully consistent with the hypothesis of either no pre-
irradiation or complete loss of any pre-irradiation signal,
a simple comparison of averages gives a slightly different
picture. Calculating the weighted average CRE ages for
FG- and CG-CAIs results in 4.56+0.24 Myr and
5.04 +0.26 Myr, respectively, that is, the two ages agree
within the lo standard deviation. The data, therefore,
indicate that the more altered FG-CAIs have on average
the same CRE age than the less altered CG-CAls. Since
most of our tests indicate that, first, the data measured
for CAIs from Allende are normal distributed and show
no clear trend with the degree of alteration and, second,
the model CRE ages for the CAls are similar to the CRE
age for Allende, we conclude that either there was no pre-

accretionary irradiation of the studied CAls or that the
signal caused by pre-accretionary irradiation, that is,
excess >'Negos, has been erased due to the early aqueous
alteration event. However, taking alteration aside, we
might speculate that our finding is at least not in favor of
X-wind type models that launches CAIs on ballistic
orbits above the disk (at least not for models that require
repeated uplifts and/or that produce relatively long
ballistic trajectories). Instead, the observations are
consistent with the idea of CAI outward transport in an
expanding disk (e.g., Yang & Ciesla, 2012).

CONCLUSIONS

This study searched for signatures caused by pre-
accretionary irradiation in 17 CAls from the CV 3.6
carbonaceous chondrite Allende. The results can be
summarized as follows:

By combining physical model calculations for 2'Negoq
production rates and (**Ne/*'Ne)os ratios in CAls from
Allende with measured He, Ne, Ar, and Kr isotope
composition, the irradiation histories of the CAls were
studied. All CAIls show clear cosmogenic signals for He
and Ne isotopes and most of the CAls show cosmogenic
signals for Ar isotopes. In addition, most samples show
clear indications for “He,,q and some samples
show indications for *°Ar,,q. For Kr isotopes, there are
clear indications for %°Kr and ®*Kr due to neutron
capture on Br isotopes. All (**Ne/*'Ne)., ratios agree
with the model predictions for the individual CAIs (fully
considering their chemical composition), there is no
indication for Ne-G, that is, for the existence of presolar
SiC in any of the studied CAIs. However, indications for
gases from SiC are difficult to detect if only Ne isotopes
are considered and if gas extraction was in one
temperature step.

The calculated CRE ages for the CAls range between
4.12 £ 0.41 Myr and 6.40 +0.63 Myr (directly calculated
production rates). Statistical tests indicate that the data
are normally distributed with no outliers. The (weighted)
average age is 4.87 £0.19 Myr. The data thus indicate
that all CAls share a common irradiation history, likely
the irradiation in the Allende meteoroid. One could argue
that CAIs CGft-13 and CGft13-Alt, which are both part
of the same CAI, have a longer CRE age than all the
other studied CAls and have also a longer CRE age than
bulk Allende, which could indicate pre-accretionary
exposure of this special CAI. However, all statistical tests
indicate that CAI CGft-13 is indistinguishable from the
other CAls.

There is no correlation between  >'Negos
concentrations and Na and/or U concentrations, the
latter are indicators for the degree of aqueous alteration.
The lack of correlation together with the finding of
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normal distributed CRE ages that agree with the CRE
age for Allende indicates that either none of the studied
CAIs experienced pre-irradiation before parent body
compaction and/or that any pre-irradiation effects would
have been completely erased in the early solar system
aqueous alteration event. The weighted average CRE age
for the more altered FG-CAIs is slightly lower than the
age calculated for less altered CG-CAIs. Since
the difference is within the 1o uncertainties and all other
tests indicate no effect, we consider this slight difference
as not significant.

Higher °Ar/*®Ar, *’Ne/*'Ne, 5Kr/*Kr, and
82K r/®Kr ratios together with lower cosmogenic **Ar.,
and lower U concentrations in FG-CAIs compared to
CG-CALls are consistently explained by higher alteration
of the former compared to the Ilatter. In such
alteration events, the target elements Na, Cl, and Br are
added and Ca, which is a major target element for **Argo,
production, is lost together with U.

Speculating that there was not a complete loss of pre-
accretionary signatures due to the alteration event, the
data indicate that there was no pre-accretionary
irradiation of the studied CAIs. If true, the data
contradict X-wind type scenarios (Figure 1a) because it is
difficult to envision how to avoid GCR and/or SCR
irradiation in such a ballistic event. In contrast, the data
are supportive for scenarios considering CAI storage and
transport in a turbulent disk with outward transport close
to the midplane (Figure 1c), because in such a setup,
CAls are shielded from cosmic rays (Figure 1c). For
scenarios assuming CAI storge in local high-density
regions like spiral arms and/or gaps, the conclusion is not
that clear (Figure 1b). Depending on the actual geometry,
such regions might or might not be accessible to
cosmic rays.

After having demonstrated that all the basics needed
to search for pre-accretionary irradiation effects in CAls
are working reliably and that high quality data can be
obtained, our future research focus in on the study of
CALIs from less altered carbonaceous chondrites.
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