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Beryllium-10 (f;,2 = 1.4 Ma) is a short-lived radionuclide present in the early Solar System. It is produced solely by
iradiation reactions and can provide constraints on the astrophysical environment of the Sun’s formation. Calcium- and
aluminium-rich inclusions (CAls), the first solids formed in the Solar System, show clear evidence for live '°Be at their time of
formation, but it is unclear whether they record the same initial '°Be/°Be ratio. In this study, we examine the secondary ion
mass spectrometry methods used to determine the initial '°Be/?Be ratio in meteoritic inclusions. Based on analyses of
synthesised matrix-matched glass reference materials, we show that the effects of differing major element bulk
compositions on the secondary ion yields of Be and B are minor for relevant phases. We demonstrate the importance of
using the mean square weighted deviation (MSWD) to interpret the significance of the initial '°Be/°Be value. For thirty-two
CAls, we re-calculated the regressions using literature data, finding that several have unacceptably high MSWD. We
calculate the effects of possible sources of isotopic disturbance. Finally, we outline best practices for reporting '°Be-'°B

data, to enable a more refined determination of the initial '°Be/Be ratio in the early Solar System.
Y Y

Keywords: short-lived radionuclides, cosmochemistry, Beryllium-10, SIMS, CAl.

Received 02 Dec 19 — Accepted 10 Apr 20

Beryllium-10, which decays to '%B with a halflife of
1.4 Ma (Korschinek et al 2010), is produced by spallation
reactions induced by galactic and/or stellar cosmic rays
(McKeegan et al 2000, Desch et al. 2004, Liu et al 2010,
Tatischeff et al 2014, Jacquet 2019). The former presence of
08¢ is inferred by anomalous '°B/''B ratios (relative to the
chondritic value of 0.2481, Zhai et al 1996) in phases with
high Be/B ratios (such as melilite) in calcium- and aluminium-
rich inclusions (CAls), the first solids formed in the Solar System.
Previous studies over the past two decades have reported
19Be-"9B isotope systematics in many CAls and have amply
demonstrated that live '%Be was present in the early Solar
System. However, the inferred initial '°Be/“Be ratios range
fom 3 x 10%to 1 x 1072 even Though ~ 85% of CAls
record initial '°Be/"Be ~ (6-9) x 10 (McKeegan et al
2000, Sugiura et al 2001, Marhas et al. 2002, MacPherson
etal 2003, Chaussidon 2006, Liu et al 2010, Wielandt et al.
2012, Srinivasan and Chaussidon 2013, Sossi et al 2017,
Mishra and Marhas 2019). It is critical to determine whether
the distribution of '°Be in the early Solar System was
homogeneous or heterogeneous, because that allows us to
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infer how it was produced. If '®Be was homogeneously
distributed (ie, CAls, which |i|<e|y formed within a narrow time
interval, record a single '°Be/"Be value), it was likely
produced by galactic cosmic rays (GCR) interacting with the
molecular cloud core that collapsed to form our Solar System
(Desch et al 2004, Tatischeff et al. 2014). On the other hand,
if '°Be was distributed heterogeneously (ie, CAls display a
range of '%Be/“Be values), '°Be was likely produced by solar
particles inferacting with gas and solids in the solar nebula
(I\/\cKeegon et al 2000, Gounelle et al 2001, MacPherson
et al 2003, Jacquet 2019). The origin of '%Be is currently
ambiguous partly because of the difficulty of interpreting the
results to date.

In order o defermine the initial '°Be/“Be ratios of CAls,
cosmochemists collect Be and B isotopic data via secondary
ion mass spectrometry (SIMS) and then perform a York
regression on the data to obtain the slopes of the '°Be~'°B
isochrons. The '°Be—'B isofope system is measured by the
in situ SIMS technique; a primary beam of mass-filtered '°O"
ions with high energies (fypically 21-23 keV) is directed at a
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carefully selected and documented, crack-free, mineral. The
cascade of collisions produced by the primary beam in the
atoms in the sample results in the ejection of atoms and
molecules in a process known as ‘sputtering’; some sputtered
material is ionised in the process. A positive potential
(typically 5-10 kV) is applied to the sample to accelerate
positive secondary ions into a double-focusing mass spec-
trometer where they are selected for energy and mass. The
mass-analysed ion beam is directed to an electron multiplier
to record the signal. Because the ionisation probabilities of
Be and B are different, the number of counts per second
produced for each pg g'] of these elements in a sample is
not the same, and comparison with a reference material is
needed fo calibrate the Be/B rafio.

In the case of a shortlived nuclide such as '°Be, the
amount of the daughter isofope ('°B) in a sample at the
present fime that originally contained live '°Be can be
expressed as '°B = '9B; + '9Be, where '°By and '“Be are
the original amounts present in the sample in the early Solar
System. Normalisation to a stable isotope of the daughter
("B, then yields the following  equation:
198/1"B = ("°B/'"B)y + ('°Be/'"'B). This equation can
be rewritten as: '9B/''B = ('°B/''B)o + ('%Be/"Be) x
(°Be/'"B). This is the equation for a straight line where the
slope and intercept correspond fo the initial radioactive
parent-fo-stable parent ratio ('°Be/“Be) and the non-
radiogenic daughter composition ('°B/''B)y, respectively.
Thus, a '°Be—'B isochron for a CAl'is made by plotting the
measured '°B/''B versus “Be/''B ratios for phases in that
CAl with varying Be/B ratios, and fiting a sfraight line
Through these data points by a least squares regression
(Ludwig 1988, Vermeesch 2018). To determine the least
squares fit, the York regression method (York 1966, York et al.
2004) takes into account independent uncertainties in both
the x and y variables and allows for correlations between
these uncertainties, to determine the least squares fit.

Therefore, in a '°Be—'B isochron plot of '°B/''B versus
“Be/''B, an age cannot be directly determined, unlike the
case for isochron plots for long-lived radioisotope systems,
but the slope of the fit represents the inferred inifial '°Be/”Be
ratio, and the intercept is the inifial (1°8/1"B)g for that
sample. Each of these mean ratios is associated with a
standard error, which is typically given as 2SE (95%
confidence level for this mean). S’rctﬂsﬁca”y, a valid isochron
is one that has scatter that can be attributed solely to the
measurement errors, such that the reduced chi—squared or
mean square weighted deviation (MSWD) is ~ 1.

When compared with other isotope measurements, there

are a number of additional concerns when it comes to

determining '°Be—'%B isofopic systematics. One of the main
issues is the typically low mass fractions of Be and B in CAls. The
19Be—"'9B isotope measurements by SIMS are predominantly
performed on melilite because when considering the phases
common|y found in CAls, the mineral structure for this phctse is
best suited to accommodating the small divalent beryllium ion.
Moreover, previous studies show a large spread of “Be/''B
ratios in this phase. Melilite is a solid solution between
CanALSIO; (gehlenite) and  CaoMgSinO;  (dkermanite).
Condensation calculations predict that Be condenses in solid
solution with melilite and most likely condenses into Mg and/or
Ca sites (Lauretta and Lodders 1997). The Be mass fraction in
melilite is usually about 500 ng g™', while the B mass fraction
in melilite varies drastically on ~ 5 pum scales from ~ 1 ng g
"o 1 ug g, depending on the sample (MacPherson et al.
2003). As described below, uncertainty in the isotope rafios
measured by SIMS is particularly sensitive to the denominator
species, | 'B".In orderto obtain appropriately high intensities of
this isofope, it is necessary to increase the amount of the phase
being sampled. For example, one sputters the melilite with a
large primary ion current (typically 10-30 nA in most IMS-6f
and IMS-1270/80 SIMS instruments). This, though, creates a
large SIMS pit (> 20 um diameter), so measuring single grains
in fine-grained or small samples is nearly impossible; infersect-
ing multiple melilite crystals and possibly encountering a crack
can bias the isotope rafios. Advances in micro-analytical mass
spectrometry now allow smaller samples to be analysed, such
as with a bright oxygen ion source attached to a SIMS (Liu et al.
2018). However, even with a high sputtering rate on a small-
diameter crater, ' 'B" intensities can be < 1 counts 5. Small
counts must be treated mathematically with care, to avoid
introducing rafio calculation bias, as in the case of “°Fe—*°Ni
systematics (Ogliore et al 2011). To avoid such a bias, we use
the infegrctfeol counts of the two boron isotopes Throughouf the
analysis because the least biased ratio estimation for low count
measurements is Beale's estimator (Telus et al. 2013). Other
methods o avoid statistical bias when using such low count
rates include the Coath method (Coath et al 2013). Regard-
less of the selected approach, different rafio estimation
techniques change the final '°Be/“Be value by less than a
few per cent. Given the large range in boron isotope ratios and
associated high uncertainties observed in CAls in particular, we
suggest the rafio estimation technique approaches are
equivalent here.

In addition to these challenges, the '°Be—'B isotopic
system is subject to disturbance. Isofopes of B and Be are
otherwise rare and are efficiently produced by irradiation,
especially by spallation of O nuclei, which can occur when
cosmic rays inferact with a meteorite parent body. Adding
plausible amounts of extra spallogenic B to CAl melilite can
drastically alter the original '°Be/?Be signature. Parent body
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aqueous alteration can also disturb the '°Be—~'9B system by
mobilising B; this alteration would likely increase the scatter
in a '9Be—"'9B isochron for a CAl. These factors infrinsic fo the
19Be-"9B isotopic system make it difficult to determine the
distribution of 'Be in the early Solar System.

Interpreting the '°Be~'°B data for CAls in the existing
literature is difficult because not all published data sets are
complefe. Previous '°Be—'%B studies do not always report
the necessary information, such as standardisation details
and raw data, required to reproduce or interpret the results.
Reference materials are necessary to correct for analytical
artefacts in SIMS measurement. As an example, matrix-
matched reference materials are used to determine the
relative sensitivity factor (RSF), which is used to account for the
difference in the ionisation of Be with respect to B from a
particular matrix. Previous studies have not always reported
their RSF, and those that do use a variety of reference
materials (most of which do not match the sample matrix),
resulting in a range of RSF values (Table 1). For the
19Be-"9B system, suitable matrix-matched reference mate-
rials have not been fully developed for phases such as
melilite, hibonite (CalAl,TiMg)12019) or grossite (CaAl,O;)
with trace mass fractions of Be and B. Moreover, how the
maijor element composition (ma'rrix) of a reference material
affects the RSF values for this isotope system is not well
understood. Other quantities that tend to not be reported
include all the errors needed to reproduce a regression,
correlation coefficients and MSWD (or reduced chi-squared)
associated with the isochron regressions. Because of the
Typica”y low mass fractions of B found in CAl phases, errors
in the “Be/''B and '°B/''B ratios are correlated; Toking the
correlation coefficient into account can alter the regression.
The MSWD of regressions is necessary fo report because this
quantity is needed to judge the validity of an isochron.

The purpose of this paper is to establish consistent best
practices for measuring and reporting '°Be—'°B data. In
doing so, we hope that previous and future studies can be
more easily integrated, to elucidate the distribution and
origin of '%Be in the early Solar System. We report on melilite
glasses we developed to standardise the RSF. We re-
evaluate previous '°Be~'°B data fo create a unified data
set by uniformly constructing the regressions. We discuss
factors that can disturb the '°Be~'°B system, such as how
iradiation that produces spallogenic B can change the
s|ope of the isochron without offecﬂng the MSWD, and how
to assess the effects of irradiation (e.g, using a 149Sm
dosimeter). We discuss how aqueous alteration can produce
more scatter in the regression, and how fo recognise when a
CAl has been disturbed by aqueous alteration. Finally, we
discuss best practices for reporting regressions, to facilitate
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Table 1.

Reference materials for '°Be—'°B measurements

Study SIMS model | Reference RSF

material

Sugiura et al. IMS-6f JB, JA JG 27
(2001)

MacPherson et al.| IMS-6f NIST SRM 612 2427
(2003)

Chaussidon IMS-1270 GB4, BHVO-1, 2526
(2006) UTR-2

Wielandt et al. IMS-1280 NIST SRM 612 26

(2012) GSC, GSD 1.8

Fukuda et al. NanoSIMS Melilite glass 255 +0.11
(2018) NISTSRM 610 | 244 +012
Sossi et al. (2017)] IMS-1280 GB4 3.17 £0.13
Mishra and IMS-4f GB4 2.62-295
Marhas (2019)
This study IMS-6f NIST SRM 236 +0.13
USGS GSC-1G, 203 +£0.18
GSD-1G, GSE-
1G
Melilite glass 221+0.18
This study IMS-1290 NIST SRM 245 +0.28
Melilite glass 191 +0.15

comparisons across data sefs. The compiled data set from
previous literature, in addition to consistent reporting of
10Be—"9B data in future studies, will allow us to constrain the
origin of '°Be in the early Solar System.

The role of reference materials in
19B¢_19B isotope measurements

Beryllium is ionised more efficiently than B during SIMS
analyses (e.g, Hervig et al. 2006), so the Be"/B" ion ratio
needs to be corrected for fractionation caused during the
sputtering process. To do this, we need to measure reference
materials with known Be and B mass fractions (ie, [Be] and
[B], respectively). SIMS measurements of reference materials
allow us to calculate a RSF, which is defined as:

7Be™ 7Be
= (i) e/ (), O
n B+ SIMS "B true

where (gBe+/]]B+)5|M5 is the apparent “Be/''B ion ratio

measured via SIMS, and ("Be/''B),... is the actual atomic
“Be/!'B ratio in a reference material. We then use this RSF to

calculate the correct “Be/''B ratio in the somp|e as follows:

9 oR~t
(78) o (57)s/ ™ @
B corrected B Uncorrected

In previous studies, the CAl phase most commonly
measured for '°Be—'9B isotope systematics is melilite. The
RSF for melilite was assumed to be the same as that of the
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Table 2.
Elemental and isotopic compositions of relevant reference materials
GN G2 GX NIST SRM | NIST SRM [ NIST SRM [USGS GSC| USGS |[USGS GSE-| GB4
610 612 614 1G GSD-1G 1G

Mean|2SE|Mean|2SE|Mean|2SE(Mean|2SE({Mean|2SE|Mean|2SE|Mean|2SE|Mean|2SE|Mean|2SE(Mean
Akmol% |75 |- |54 |- |20 |- (- |- |- |- |- |- |- |- |- |- |- |- [|-
SiO, 371 |04 |372 |11 |255 |06 |697 |05 721 |06 |721 |09 [526 |06 532 |08 |537 (1.5 729
(% m/m)
MgO 107 |03 |79 03 |26 04 |- - |- - |- - |36 00 |36 00 |35 00 |-
(% m/m)
AlLOg 7.3 0.1 |206 |07 [272 |05 |20 0.1 |20 0.1 |20 01 (135 |04 [134 |03 [130 |04 [156
(% m/m)
CaO 447 |03 [341 |10 |445 |08 |11.4 |02 |119 [01 |19 |02 |71 01 |72 01 |74 03 |06
(% m/m)
Na,O 0.1 0.1 |02 0.1 |oa 01 |134 |03 [137 |03 |137 |03 |36 02 |36 03 |39 02 |46
(% m/m)
Be (ug g')| 554.8 | 25.5(567.7 | 26.1| 6309 |29 |476 |31 [375 |15 |08 0.1 |45 04 |46 5 [490 |80 [11.3
Bugg') |156 |16 |483 |58 |85 88 [350 |56 |343 |17 |15 02 (260 |70 |50 20 [330 |120(970
“Be/''B |532 [59 [195 [25 |10 1.1 (217 |o037|17 0.1 |os8 0.1 |026 |[007/1.38 [057|223 [089
IMS-6f
9Be’/''B" | 116.78| 422| 4336 [ 2.79[22.37 | 297|487 007|405 |007|226 |0.17|054 [001|239 [002|387 |[002|-
6f RSF 219 |025|222 [032|224 [039|225 [039[232 |0.15/280 |0.45(209 |059[173 [072|174 [069|-
IMS-1290
“Be’/!'B" | 97.34 | 4.34|36.73 | 5.38]/20.37 | 129|463 |002|- - 1232 |[004|- - |- - |- - |-
1290 RSF | 1.82 [022|1.88 |[037|204 |[026]|214 |037|- - 1289 |043|- - |- - |- - |-

The melilite-composition glasses synthesised here, GN, G2 and GX, are representative of the range of Ak composition found in CAls. The elemental data for the
other reference materials are from the literature (NIST SRM 610, 612, 614: Jochum et al. 2011; USGS GSC-1G, USGS GSD-1G, USGS GSE-1G: Jochum et al.

2005, GB4: Chaussidon 2006).

commonly available silicate glasses (Table 1), which have
RSF values of ~ 2.5-32 depending on the study and the
specific reference material measured. Changes in ionisation
probabilities as a function of major element mass fraction
have often been observed in SIMS analyses (lhinger et al
1994, Ottolini et al 2002), so it is preferable that reference
materials have a bulk composition similar to the unknown
sample (e, are matrix-matched). However, the chemical
compositions of these glass reference materials are very
different from melilite (Table 2).

The consequence of using an RSF from an inappropriate
reference material is that the resulting inferred '9Be/"Be
ratios for CAls could be underestimated or overestimated.
Fukuda et al (2018) synthesised melilite-composition glasses
containing trace amounts of Be and B to test if the RSF was
different than silica-rich glasses. They used the University of
Tokyo NanoSIMS to defermine that the RSF is the same
between melilite-composition glass and the reference
material NIST SRM 610. As described in section Synthesising
melilite-composition glasses, we have also synthesised
melilite-composition glasses and determined the RSF on
two other SIMS instruments: SIMS IMS-6f at Arizona State
University (ASU) and IMS-1290 at University of California,
Los Angeles (UCLA).

698

The '°B/''B ion rafio determined on the sample must
also be corrected for instrumental mass fractionation (IMF),
which occurs during the process of sputtering, transmission
through the mass spectrometer, and defection. In general,
the '9B/''B ratio is higher than bulk-analysed (true’)
values because all boron ions have the same kinetic
energy, but the lighter isotope has higher velocity, possibly
allowing it to avoid neutralising collisions as it leaves the
sample surface. The velocity effect has been studied in
detail for B and other isotopic systems (Gnaser and
Hutcheon 1987). This will only play a role in the measured
isotope ratio if: (a) the energy bandpass is small (unlikely
for most SIMS analyses); and (b) sample charging is not
controlled. Another cause of uncertainty in correcting the
raw '9B"/"'B" ion ratio to true atomic ratios is the effect of
changing bulk chemistry. While some studies (e.g, Sugiura
et al 2001, Marschall and Monteleone 2014) suggest
that bulk chemistry does not have a significant effect on
fractionation of boron isotopes during sputtering, Rosner
et al (2008) found a ~ 3%o effect between NIST SRM
610 and NIST SRM 612 synthefic glasses relative to
natural silicate glasses with a wide range of chemistry. In a
follow-up study, De Hoog et al (2017) found that hydrous
minerals showed different IMF for boron isotopes than
natural glasses by a few permil. However, because the

© 2020 The Authors. Geostandards and Geoanalytical Research © 2020 International Association of Geoanalysts
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boron isofope ratios measured in CAl phases typically vary
by a factor of neary 2, any matrix effects on the IMF
correction for their boron isotope compositions are rela-
tively minor compared with the typical analytical errors and
we can safely use the synthetic NIST SRM glass reference
materials to correct for this fractionation. The IMF is
calculated as follows:

op+ 10p
G A N
n B+ SIMS "B true

The measured B isotope ion ratio is normalised to the
value of the IMF to generate the corrected B isotope ratio.
Typical values of IMF for our analyses vary from ~ 1.02 to
1.04.

Synthesising melilite-composition glasses

Glasses of melilite composition doped with Be and B
were synthesised at ASU. In ASU's Isotope Cosmochemistry
and Geochronology Lab (a class 1000 clean laboratory),
99.9% or higher purity Alfa Aesar oxide powders of MgO,
CaCQg3, SO, and Al,O3 were weighed in different propor-
tions (total ~ 4 g for each glass) to produce three melilite-
composition powders with varying &kermanite content, and
each of these powders was doped with different amounts of
BeO (American Benyllia) and B(OH)s (NIST SRM 951 boric
acid) using a microbalance. Each powder was then mixed in
a mortar and pestle with methanol for at least 10 min. These
mixtures were subsequently converted to glasses in the Depths
of the Earth laboratory at ASU. A 50 ml volume Pt crucible
was filed with the powder mixture and lowered into a
DelTech fumace, the temperature raised to 1050 °C at
3 °C min™ in order to allow the CO; to release slowly and
then to 1600 °C at 10 °C min”'. After 3 h at this liquidus
temperature, the crucible was dropped into water for rapid
quenching. This glass was removed from the crucible, ground
to a powder by mortar and pestle, and the melting process

repeated at least two times to ensure homogenisation.

Elemental compositions of melilite-
composition glasses

Glass fragments from the synthesised melilite-composi-
tion glasses (section above) were co-mounted in epoxy
(EpoxySet resin and hardener from Allied) and polished.
Maijor elements were determined using the JEOL JXA-8530F
electron probe micr00n0|yser (EPMA). For the EPMA, we
used 15 kV accelerating voltage and an electron current of
15 nA and obtained thiteen or more energy dispersive
spectra of MgO, Al,Ogz, SiO; and CaO abundances per

sample.

The Be and B contents of the three synthesised glasses
(GN, G2 and GX) were measured using the iCAP-Q
quadrupole inductively coupled plasma-mass spectrometer
(ICP-MS) at ASU. For each of the three synfheﬁc g|osses, we
started with four powdered 15-50 mg aliquots. To measure
the B content, following the procedure of Gangjian et al
(2013), two of the four powdered dliquots for each glass
were mixed in a PTFE container with 1 ml concentrated HF,
100 pl HyOy, and 100 pl 1% mannitol solution and were
digested by heating on a hot plate at 60 °C for 3 days.
These aliquots were ulimately brought into 3% nitric solufion,
and their B mass fractions were measured using the standard
addition technique on the iCAP-Q ICP-MS. To measure Be,
we digested the other two powdered aliquots for each glass
in 2 ml concentrated nitric and 0.4 ml concentrated HF at
80 °C for a day. Following digestion and drying down, each
residue was brought info solution with 5 ml 6 mol I"' HCl. The
dry down and treatment with HCl was repeated to ensure
complete dissolution. After drying down a final time, each
residue was brought into final solution with 1.2 ml of 3% nitric
prior to analyses with the iCAP-Q ICP-MS. The GN, G2 and
GX solutions were measured against six standard solutions
with @ range of B and Be contents from O to 155 pg g™'. The
elemental compositions of the melilite-composition synthetic
glasses are shown in Table 2.

SIMS investigations of melilite-
composition glasses

We conducted measurements of '°Be/!°B ratios on the
synthesised melilite-composition glasses (GN, G2 and GX)
using the Cameca IMS-6f SIMS at ASU and the Cameca
IMS-1290 SIMS at the UCLA. We measured the glasses on
both instruments to test for any variation in RSF on different
instruments (Tables 1 and 2). The results shown in Tables 1
and 2 for these glasses are based on means of three or
more analyses for each glass composition. These tables also
show data based on reference materials analysed by
previous studies. We note that some previous studies do not
report the RSF value but do report the reference material(s)
that they used. For example, McKeegan et al. (2000) used
GB4, a high-silica natural sample melted and quenched to
a glass; Srinivasan and Chaussidon (2013) used a set of in-
house and well-known reference glasses (basaltic, pyroxene
and melilite composition, as well as BHVO and NBS); Liu
et al (2010) used NIST SRM 612.

Andlyses with Cameca IMS-6f SIMS (Arizona State
University)

The Cameca duoplasmatron was used to generate the

primary ion beam, and samples were held at a potential of

© 2020 The Authors. Geostandards and Geoanalytical Research © 2020 International Association of Geoanalysts 699
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12.5 kV. Using a current of ~ 10 nA, the '°O" primary beam
was focused to a spot ~ 20 pm in diameter. No energy
filtering was applied. We operated the mass spectrometer at
a mass resolving power (MRP) of ~ 1500 to resolve and
avoid interferences on “Be (from 2”Al*") as well as '°B and
"B from “BeH and '°BH interferences (other interferences
such as 3°Si?* are also separated at these conditions). We
caution that calibrating the SIMS with MRP greater than
~ 1200 is necessary to resolve “BeH from '9B to obtain
accurate resuhs, and high-reso|uﬁon mass scans should be
conducted to ensure that the interference is resolved. For the
me|i|ite-com|oosifion g|c|sses, we measured “Be (8 s), 108
(16 s) and ''B (4 s) during thirty cycles for each measure-
ment. At the end of each analysis, “2Si was additionally
measured as a reference. The M*/28Si" ion ratios (after
normalising to the known SiO, content of the reference
materials) were used to determine calibration factors for
calculating the Be and B contents of the unknown materials.
The RSF values from this study are reported in Table 1 as
weighted means of the analyses of different reference
materials (NIST is a weighted mean of analyses of NIST
SRM 610, 612 and 614 glasses; ‘GSC, GSD, GSE' is a
weighted mean of analyses of USGS GSC-1G, USGS GSD-
1G and USGS GSE-1G glasses; ‘Melilite glass' is a
weighted mean of the analyses of the three synthesised
glasses). Table 2 provides the individually determined RSF
values for the different glass reference materials (the three
synthesised melilite-composition glasses, the NIST SRM 610,
612 and 614 glasses, and the USGS GSC-1G, USGS GSD-
1G and USGS GSE-1G glasses).

Andlyses with Cameca IMS-1290 SIMS (University
of California, Los Angeles)

A 5-10 nA O primary beam resulting in a beam
diameter ~ 5-10 um was generated by a Hyperion-ll RF
source (Liv et al 2018). The mass resolving power was
~ 2500, the entrance and exit slits were fully open, the
aperture was 750 um, and the image field was 80 pm.
Secondary ion intensities were measured in peak jumping
mode with three electron multipliers (EM). The first mass jump
with a 5's count time measured 2’A*" and 8Si%", the
second mass jump with a 10 s count time measured “Be”
and the third mass jump with a 40 s count time measured
198" and '"B". Pre-sputtering (without raster) for 3 min was
used fo remove surface B contamination. The RSF values from
this study are reported in Table 1 as weighted means of the
analyses of different reference materials (NIST is a weighted
mean of analyses of NIST SRM 610 and 614 glasses;
‘Melilite glass' is a weighted mean of the analyses the three
synthesised glasses). Table 2 provides the individually
determined RSF values for the different glass reference

materials (the three synthesised melilite-composition glasses,
and the NIST SRM 610 and 614 glasses).

Determining RSF with matrix-matched
SIMS reference materials

In SIMS analyses, the correct value of the RSF based on
the measurement of appropriate reference materials must
be used for determining accurate '°Be—'B isotope system-
atics. To illustrate this, we created two example isochrons
with data and associated (2SE) errors comparable to a real
CAl  isochron  (Figure 1).  When RSF=2, initial
'9Be/"Be = (60 + 1.2) x 10™ while when RSF = 3, initial
'9Be/7Be = (9.0 + 1.8) x 10™ In both cases, MSWD = 1.
Importantly, the “Be/''B ratio and the uncertainties in this
ratio are both inversely proportional to the RSF multiplied by
the “Be counts and divided by the ''B counts, so that MSWD
is not affected by the RSF. As can be seen here, when the RSF
is increased by ~ 50%, the inferred initial '°Be/?Be ratio
correspondingly increases by ~ 50%. However, given the
relatively large uncertainties, the '°Be/?Be values are just
within uncertainty of each other. This exercise shows that it is
important to evaluate matrix effects and defermine the best
reference material(s) to obtain the most accurate SIMS data
for constraining '°Be—'B isotope systematics. Nevertheless,
because of the typically large uncertainties involved in such
measurements, using an imperfect reference material may

not significantly alter the results.

Indeed, due to the intrinsically large uncertainties when
measuring trace amounts of Be and B in CAls, we show here
that the use of a matrix-matched reference material (e,
composition of the reference material is similar to the
composition of the unknown sample) may not be crifical. Like
Fukuda et al. (2018), we synthesised and measured martrix-
matched melilite-composition glass. However, we used
different synthesis techniques and determined the RSF using
an IMS-6f and an IMS-1290 SIMS to validate the results
from the Fukuda et al (2018) NanoSIMS study. We find that,
in general, matrix-matched reference materials may not be
critical for accurate '°Be—'9B isotopic measurements. This is
broadly in agreement with the results reported by Fukuda
et al (2018). Our IMS-6f SIMS data (Tables 1, 2; Figure 2a)
show that the NIST SRM glasses 610, 612 and 614
(SiOp = 70% m/m, [Bl =08-4760 ng g') define a
weighted mean RSF = 2.36 + 0.13 while our melilite-com-
position glasses (SiO ~ 25-38% m/m, [Bl = 16-85 ng g°
!, [Bel ~ 600 ug g™') with varying Ak content (Akog_75), GX,
G2 and GN, define a weighted mean RSF = 221 + 0.18.
However, our IMS-1290 SIMS data (Tables 1, 2; Figure 2b)
are more complex. While one of the NIST SRM glasses (610)
defines the same RSF (2.14 + 037) as the melilite-
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Figure 1. An example of a '°Be-'°B isochron (based
on hypothetical data, with 2SE errors, comparable to
those reported in the previous literature for CAls),
demonstrating the effect of RSF on the '°Be/?Be slope.
Using different RSF values changes the slope without
altering the MSWD. The horizontal dashed line is the
chondritic B isotope ratio ('°B/''B = 0.2481; Zhai

et al. 1996). Because the regressions are hypothetical,
they both have MSWD = 1.

composifion glasses (1.91 = 0.15) within the uncertainties,
the other NIST SRM glass (614) defines a resolvably higher
RSF (2.89 + 0.43) than the melilite-composition glasses. The
reason for the slight difference noted here between the RSFs
determined using the IMS-6f and IMS-1290 SIMS instru-
ments is not well understood, but could potentially be related
to different instrument characteristics, such as mono-collection
versus multi-collection, respectively, or differences in electron

multiplier gain settings.

Because at present it is not clear why some reference
materials yield somewhat different RSF values than the
melilite-composition glasses, it is suggested that homoge-
neous matrix-matched reference materials (containing Be
and B mass fractions comparable to those in CAls) should
be utilised where possible in defermining '°Be—'B isotope
systematics of CAls. It would be beneficial to measure the
true Be and B mass fractions of the melilite-composition
glasses with higher precision to better understand the
intricacies of standardisation for determining '°Be—'B
isotope systematics.

Re-evaluation of literature data

York regression calculation and isochron validity

To calculate a York regression (implemented using
IsoplotR; Vermeesch 2018) to defermine the '°Be/?Be ratio,

-
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the required inputs are as follows: x = “Be/''B; o, the + 2SE
uncertainty in x y = '9B/''B; o, the + 2SE uncertainty in y;
and r, the correlation coefficient of the x and y uncertainties.
These inputs are supplied for multiple data points indexed by
i, from 1 to N. The outputs of the York regression are the slope
(ie, the '°Be/"Be ratio), the + 2SE uncertainty in this slope,
the intercept (the initial '°B/' "B ratio), the + 2SE uncertainty in
this intercept, and MSWD.

The correlation coefficient, r, is a common way to
measure the credibility of a linear relationship between two
variables. Values lie between -1 and 1, with a 1 indicating
perfect positive correlation, -1 indicating a perfect anticor-
relation and O indicating no correlation. In this context,
however, the correlation coefficient is an input provided at
each data point i It is given by:

2
P
00y

(4)

where 6, and o, are the standard deviations in x and y, and
G, is the covariance. This is not formally defined if the data
point i corresponds to a single measurement, but in the case
of "°Be~"'9B isotope systematics, multiple cycle counts are
combined to provide x o, y o, and r If x and y are
measured in Neycle cycles corresponding to a single analysis
spot (or data point), then

1
2 _ _ 2
Oy = Ncyc\es Z |X :u><| (5)

@Sl -n|

cycles

(6)

2 ]
and 6%, =
¥ Ncycles

> =)y —uy) 7)

where . = (1/Nydes) = x and p, a = (1/Nydes) Ty are
the mean values, which are reported as x; and y; Because
both x; = ("Be)/(''B) and y; = ('°B)/(''B) have ''B in the
denominator, the uncertainties in x and y are correlated. The
low mass fraction of ''B often means it is the dominant
source of measurement error, which can make the correla-
fion stronger (ie, the high “Be/''B analyses often have r
values closer to 1). The assumption that x; and y; are
uncorrelated overestimates the inherent uncertainty in the
data and allows a broader range of slopes within the
uncertainty envelope for the regression; as such, rshould be
used for the most accurate and precise determination of
19Be—"0B isotope systematics.

The MSWD value is used to assess the degree of over- or
under-dispersion of the data and is particularly important
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Figure 2. Relative sensitivity factors (RSF) of NISTSRM 610, 612 and 614 (green symbols; Jochum et al. 2011), USGS
GSC-1G, USGS GSD-1G and USGS GSE-1G (magenta symbols; Jochum et al. 2005), and melilite-composition
glasses G2, GX and GN (blue symbols; this study) utilising the IMS-6f (a) and the IMS-1290 (b). The RSFs are based

on the slopes of °Be*/''B* (measured by SIMS) vs. “Be/''B (true atomic ratios, literature values for the reference

materials and values for the melilite glasses measured independently in this study by ICP-MS) for these reference

materials. Uncertainties are 2SE. [Colour figure can be viewed at wileyonlinelibrary.com]

when an isochron has few data points. This value is

calculated using the equation:

2
] EN:(y,-—a—bx,-) ®)

MWD = 2 £ g2 + B2g2

where ais the inferred intercept of the fit and b is the inferred
slope, N is the number of data points in the fit, and x; and y;
are “Be/"'B and '°B/''B values in our case. To defermine
the significance of the linear fi, we also calculate the
uncertainty of the MSWD. For a data set with two terms (in
this case, “Be/''B and '°B/!"B), the expected value of the
MSWD is 1 + 20pmswor Where as follows:

2

OMSWD =

For example, in a '°Be—'%B isotope data set with 20 x-y
pairs that defines a good isochron, the MSWD should be 1.0
within £ 0.67 (at 2cpmswo), that is, MSWD should not exceed
1.67. If the fit yields an MSWD higher than this 2-sigma limit,
there is a less than ~ 5% probability that the data conform to
a simp|e linear model, and scientific inferences based on that
model are statistically inappropriate. In other words, the linear
regression to the data with too-high MSWD has < 5%
probability of being a line and should not be considered an
isochron (Wendt and Carl 1991). In such cases for the
19Be—"B system, the SIR '°Be may have been present in that

CA\, but the s|ope of the isochron, that is, the inferred initial
19Be/Be ratio, is too uncertain to report.

Correlation coefficient of the uncertainties
in °Be/''B and '°B/''B

Few previous studies (MacPherson et al. 2003, Wielandt
et al 2012) have taken into account the correlation
coefficient of the uncertainties in “Be/''B and '°B/''B on
the inferred '°Be/“Be ratios. Because raw cycle-by-cycle
data are necessary to calculate this correlation coefficient, r,
we cannot determine this for previously reported analyses
where such data are not provided. This correlated compo-
nent of the uncertainties in the measured data should be
reported in future '°Be—'B studies.

In estimating this correlation coefficient for previously
published data, we find that the data points with higher
Be/''B and '9B/''B ratios tend to have a higher
correlation coefficient. Overall, the inferred initial '°Be/"Be
and initial '°B/''B rafios do not change significantly.
However, the uncertainty associated with the inferred
'9Be/"Be ratio generally decreases when the correlation
in the uncertainties in “Be/''B and '°B/''B are taken into
account, in agreement with MacPherson et al (2003). For
example, we found a CAl (Dunham et al. 2017) to have
initial '°Be/"Be = (6.8 + 2.8) x 107 (MSWD = 0.5) when
correlated errors  were not taken into account and
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19Be/7Be = (6.7 £ 22) x 107* (MSWD = 06) when cor-
related errors were included in the York regression. As can
be seen in this case, the uncertainty in the inferred initial
'%Be/Be changes more significantly than the '°Be/"Be
value itself; the MSWD can also change slightly when
correlated errors are taken into account. A|Though the
correlation coefficient in the uncertainties in “Be/''B and
'98/'B is not the most important factor in defermining the
robustness and accuracy of an inferred initial '°Be/“Be
ratio, this parameter should be considered and reported to
produce the most complete '°Be—'"B data set.

Re-calculating '°Be-'°B isotope
systematics from previous studies

Previous ' “Be—'°B studies present data in different ways,
and sometimes do not include key components, such as
MSWD, so an important goal in this study was to re-calculate
all previously reported data using a consistent method to
create a single combined data set. We did this by first
gathering the reported SIMS data (ie, “Be/''B and '°B/''B
ratios) for thiy-two CAl samples from the previous literature
(McKeegan et al 2000, Sugiura et al 2001, Marhas et al
2002, MacPherson et al 2003, Chaussidon 2006, Liu et al
2010, Wielandt et al 2012, Srinivasan and Chaussidon
2013, Sossi et al 2017, Mishra and Marhas 2019). The
“Be/''B ratios that we extracted from literature were
calculated by the authors using comparable RSF values. We
entered these data into IsoplotR (Vermeesch 2018) for each
CAl to produce an isochron and recorded the results
(Table 3). In each case, we evaluated the robustess of the
isochron by reporting the MSWD as well as the T + 2cmswis
if the MSWD > 1 + 26mswo, the regression must be consid-

ered in detail to evaluate its validity.

Examining the re-calculated data set

Our re-calculated data set (Table 3) shows that seven
out of thiry4wo regressions have MSWD > 1 + 26mswo.
We will not discuss the individual regressions in detail but
note that regressions with high MSWD tend to come from
CAls in CH/CB chondrites, or from fine—groined CAls
(Gounelle et al 2013, Sossi et al. 2017).

Two CAl regressions have exceptionally high inferred
initial '°Be/?Be ratios when compared with other CAls
(Gounelle et al 2013, Sossi et al. 2017), and both are
associated with high MSWD. This indicates that the high
10Be/“Be ratios are inferred from invalid isochrons; the CAls
likely contained live '°Be, but the inferred '°Be/“Be rafios
are unreliable. One of these regressions with high inferred
'9Be/"Be and high MSWD includes a multi-CAl regression

(three fine-grained CAls; Sossi et al. 2017). We argue that
fine-grained CAls should be treated with caution when
determining '°Be~'°B systematics. If a SIMS spot covers
more than a sing|e, crack-free, melilite grain, it is probob|e
that the isotope determinations will be inaccurate.

Evidence for irradiation

Even after checking that the SIMS analyses are conducted
on clean, crackfree areas of pristine (ie, no evidence of
aqueous dlteration) CAls, and selecting only regressions with
acceptable MSWD values, the inferred '°Be/?Be ratios still
may not represent the original '°Be/7Be ratios at the time the
CAl formed. In fact, imadiation can arificially elevate the
inferred initial '°Be/?Be ratio. In the top 1-2 m of parent
body regolith, energetic ions such as GCRs can iradiate
heavy nuclei, such as O, Mg, or Si, to generate light nuclei. Or,
secondary protons and neutrons generated by this process
can spall nuclei. Because the concentration of secondary
protons and neutrons generated depends on the types of
nuclei in the meteorite, the production rates of Be and B
depend on the parent body composition, and are uncertain
to within ~ 50% (Leya et al 2000). For the GCR fluences
(~10'-10"° cm™) typically experienced by meteorites
within a few metres of their parent body's sufface, ng g
changes in the mass fractions of Be and B can be generated.
Typically, the spallogenic '%B/"'B ratio is ~ 0.44, significantly
higher than the chondritic ratio'®B/''B ~ 02481 (Zhai et al
1996, liu et al 2010). Because B mass fractions are
somefimes as low as a few ng g'] in CAls, this spallogenic
component cannot always be neglected.

Addition of spallogenic B to a CAl would lower the
?Be/''B ratios and raise the '9B/''B ratios, both effects
tending to artificially increase the slope, steepening the
isochron. Addition of spallogenic Be would have the
opposite effect, but in general its effect on the total Be
mass fraction is comparatively negligible because Be
contents are much higher than B confents in melilite
(iypically, [Be] ~500 pg g’ and [Bl~10ng g'). To
approximate Be and B production by irradiation, we
consider an oxygen target because it has a significantly
higher abundance than nitrogen or carbon in CAls and the
reactions to produce Be and B from O are efficient. Using
the cross sections for spallation of '®O by high-energy
protons (]6O(p,x)”B ~ 25 mbam while 1(’O(|o,><)]OBe ~2
mbarn; Moskalenko and Mashnik 2003), we estimate the
ratio of spallogenic Be to spallogenic B (AlBel/AlB)) of
~ 0.1. It might be expected that addition of spallogenic Be
or B might also increase the scatter in the data and the
MSWD, but in fact the isochron is not ou'romctfica”y

worsened by iradiation.
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Table 3.
Compiled '°Be -'°B data set from previous studies
Meteorite Chondrite] CAI CAI- [B] [Bel Initial 2SE Initial 2SE 1og/1opg 2SE n | MSWD [1 + 26pms.| Validity?
type sample | type range' rclngeI 1%Be/ 1%Be/ wp®
°Be™ ‘Be"
Isheyevo © CH/CB 501, hib- 13-214 13.1 43 135 74 0.2492 0.0005 13 07 1.8 YES
503, gros-
2006, px-
2012 mel-
sp
Isheyevo © CH/CB Isheyevo | hib- 6-300 1040 160 1039 313 02537 00033 4 4.5 26 NO
gros-
px-
mel-
sp
Murchison ® CM2 Many PLAC 52 28 52 26 02723 0.0160 9 14 20 YES
PLACS
Murchison CM2 Many PLAC 1-1526 | 14-819 55 26 53 10 02513 00013 23 1.1 1.6 YES
PLACS
Axtell 4 CV3ox AXCAI FUN A 1-10 | 56-400 30 1.2 30 1.2 0.2470 0.0220 6 52 2.3 NO
2771
Axtell © CV3ox AXCAI FUN A 1-11 | 54-464 2.8 0.2 40 0.4 02518 0.0036 10 1.1 19 YES
2771
NWA 779 © CV3ox KTl FUN A 1-63 | 25-1214 34 0.2 50 0.4 02543 0.0032 12 09 19 YES
Allende ¢ CV3ox 3898 CTA 5-156 | 120-790 4.8 17 4.8 17 02573 0.0080 7 03 22 YES
Allende ! CV3ox 1 B 4-23 53 24 55 26 02550 00280 7 10 22 YES
Allende ! CV3ox 2 B 7-695 69 0.5 70 1.1 02513 0.0019 12 1.5 19 YES
Allende, CV3ox 2 coarse-| B <10-80 | < 10-40 120 30 9.3 08 0.2488 0.0006 20 82 1.6 NO
NWA8616 9 * grained
Allende CV3ox 3529-41| B 6-927 9.5 19 9.8 22 0.2540 0.0007 10 0.4 19 YES
Allende | CV3ox 3529-41| B 10-300 8.8 0.6 100 09 02549 0.0004 51 120 14 NO
Allende ¢ * CV3ox 3 fine- | FTA 70-910 | <10-30 710 240 545 9.4 02472 0.0007 19 44 17 NO
grained
Vigarano ¢ CV3red 477-4b | B1 2-85 | 120-450 53 17 53 17 02444 00022 13 10 18 YES
Efremovka f CV3red E38 B 4-106 60 1.2 57 1.2 02550 0.0048 17 08 17 YES
Vigarano ¢ CV3red 1623-9 | CTA 1-10 | 39-570 58 19 58 19 0.2422 0.0100 8 1.2 2.1 YES
Efremovka CV3red E69 B 5-34 6.1 19 6.2 20 0.2459 0.0180 12 1.3 19 YES
Efremovka © CV3red E38 B 1-52 | 141677 4.4 0.6 65 1.0 0.2503 0.0046 8 09 21 YES
Leoville ¢ CV3red 3535-3b| CTA 1-14 | 70-190 67 24 67 24 0.2481 00126 9 17 20 YES
Efremovka © CV3red 31E B 8-79 | 52-968 47 08 69 12 02510 0.0026 7 10 22 YES
Efremovka | CV3red E36 B2 70 14 70 1.1 02510 0.0008 20 14 16 YES
Efremovka | CV3red E65 CTA 70 1.7 70 1.8 0.2493 00014 17 038 17 YES
Efremovka © CV3red E48 B 2-90 | 59-867 48 03 7.1 04 0.2500 0.0020 9 09 20 YES
Vigarano ¢ CV3red 477-5 FTA 1-20 | 29-340 7.5 19 74 19 02381 0.0138 13 1.6 1.8 YES
Efremovka ¢ CV3red 6456-1 | CTA 9-75 [300-2160 76 1.6 76 1.6 02520 0.0102 6 19 2.3 YES
Efremovka | CV3red E66 B 76 29 7.6 1.8 0.2498 0.0010 20 23 1.6 NO
Efremovka CV3red E44 B 10-100 76 19 7.6 24 02502 0.0046 13 07 18 YES
Efremovka © CV3red E104 CTA 7-66 | 334-614 55 14 8.1 20 02426 0.0062 5 0.5 24 YES
Efremovka f CV3red E48 B 19-96 8.1 3.1 82 34 0.2490 00074 5 0.8 24 YES
Efremovka © CV3red E104 FTA 19-127 | 165-786 67 09 9.8 1.3 0.2482 0.0006 8 1.1 2.1 YES
Efremovka ¥ CV3red E40 B1 4-632 | 73-536 160 100 160 52 0.2347 0.0147 8 30 2.1 NO

< Gounelle et al. (2013), ® Marhas et al. (2002), © Liu et al. (2010), ¢ MacPherson et al. (2003), © Wielandt et al. (2012), f Sugiura et al. (2001), 9 Sossi et al.
(2017), " McKeegan et al. (2000), ' Chaussidon (2006), 1 Srinivasen and Chaussidon (2013), ¥ Mishra and Marhas (2019).

" Mass fractions in ng g”!

™ These '%Be/? (x 10™#) values are those reported in the original publication.

" These '°Be/? (x 10) values were re-calculated based on raw data in the original publication.

° The is the maximum allowable MSWD for the regression based on the number of data points ().
P Validity of isochron regression based on MSWD: YES if MSWD < 1+2spmswp, NO if MSWD > 1+2spswp.
CTA = compact Type-A; FTA = fluffy Type-A; PLAC = platy hibonite; FUN = fractionated and unidentified nuclear effects; hib = hibonite; gros = grossite; px =

pyroxene; mel = melilite; sp = spinel.

* The “Be/''B values and uncertainties from these studies were estimated because they were not reported, so our regressions are slightly different from the

literature values.

We use the example of CAl Lisa, from the Northwest
Africa (NWA) 6991 (CV3,,) carbonaceous chondrite, to
examine how a regression would change due to irradiation.
We used this CAl specifically for this example because its Sm
isofope composition suggests that it was irradiated by
thermal neutrons (Shollenberger et al 2018). The major
element composition of phases in this CAl was determined
using the JEOL JXA-8530F EPMA at ASU using conditions
similar to those described in section Elemental compositions

704

of melilite-composition glasses. The '°Be—'B isotope sys-
tematics of this CAl were measured with the IMS-1290 SIMS
at UCLA using analysis conditions similar to those described
earlier (Analyses with Cameca IMS-1290 SIMS at the
University of California, Los Angeles). These data are
reported in Table 4.

From the “Be/' 'B and '°B/''B ratios of phases in this CAl
(Table 4),

we  calculated  an  inferred  initial
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Table 4.
The composition and '°Be-'°B isotope systematics of NWA 6991 (CV3ox) CAl Lisa
CAI SIMS | °Be/''B 1SE 10g/11g 1SE r [Bel [B] Al,O5 Ak SiO,
spot ng g ng g' | (% m/m)| (mol %) | (% m/m)
Lisa(1290)_1 1521 0.46 0.2922 00110 0.19 0.183 0018 23 38 27
Lisa(1290)_3 172 0.04 0.2481 0.0032 0.20 0.145 0.126 26 28 26
Lisa(1290)_4 17.29 0.55 0.2794 0.0120 0.40 0.250 0.022 24 34 27
Lisa(1290)_5 12.89 0.35 0.2821 0.0070 0.33 0.257 0.030 26 26 25
Lisa(1290)_6 1527 042 0.2756 0.0074 0.35 0.356 0.035 21 43 28
Lisa(1290)_7 6.36 0.16 0.2620 0.0044 0.06 0.349 0.082 24 35 27
Lisa(1290)_8 15.54 045 0.2679 0.0086 0.38 0.273 0.026 24 32 26

ris the correlation coefficient.

'%Be/"Be = (22 + 07) x 107 (MSWD = 1.1). This is much
higher (by about 3 times) than in typical CAls, so we tested
whether CAl Lisa could have a high inferred '°Be/“Be ratio
because its original '°Be/’Be ratio was overprinted by an
iradiation signature. To do so, we subtracted an assumed
sp0||ogenic B contribution (A[B]) from the measured B mass
fractions (which ranged from ~ 20 to ~ 130 ng g™') and
reconstructed the regression. If we can produce a regression
with MSWD ~ 1 with a resolvably lower '°Be/"Be (say
~7 x 10 a value similar to most other CAls; Table 3) by
subtracting a reasonable ABJ, then disturbance of the
isochron by addition of spallogenic B produced by iradiation
of the CAl on the parent body cannot be ruled out.

To defermine the original “Be/''B and '°B/''B ratios

before iradiation, we derived and used the following

equations:
(QBe) B (‘?Be)
"B original ''B measured
_ ABe]
X [] (Be] }
1 A8 11.014+10.01 % ('%B/"'B) e
BCE TT.0T+10.01x0.44

(10)

(IOB> <1OB)
B origino\_ "B measured

] _ABel__ 044 11.01+1001%("°8/" B)pnied
[Be] (°8/7'B) 11.01+10.01x0.44

e

1 _AB 11.01410.01%("°B/""B) posured
B TT.0T+10.01x0.44
[B]

measured

X

()

We varied A[B] and A[Be], assuming AlBel/AB] = O.1,
then calculated original ratios for each CAl Lisa analysis spot,
and constructed a new (pre-irradiation) regression. We
found that subtracting only ~ 2.5 ng g™ of spallogenic B
from each analysis point resulted in a regression consistent at
the 2-sigma level with '°Be/"Be ~7 x 10 and with
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MSWD ~ 1 (Figure 3). The intercept, that is, the initial
("°B/""B)o, did not change resolvably. In plotting the inferred
initial '°Be/"Be vs. AlB] (Figure 4a), we show that as we
subtract more hypothetical spallogenic B from the measured
abundance, the apparent '°Be/?Be decreases systemati-
cally. In plotting the inferred initial '°Be/?Be vs. MSWD, we
show that the MSWD increases slightly as the apparent
'9Be/Be decreases, but not drastically enough that the

regression could be considered an errorchron (Figure 4b).

When high-energy GCR protons interact with nuclei
within the first few metres of the surface of a parent body, a
cascade of particle reactions occurs. The cascade produces
high-energy neutrons, thermal neutrons (from the decelera-
tion of fast neutrons; Leya et al 2000), protons, and likely
some '%Be, 9B and ''B (from protons spalling oxygen
nuclei). The isofope '““Sm has a large thermal neutron
capture cross section, so it is likely to capture the thermal
neutrons (Shollenberger et al. 2018). CAl Lisa is measured to
have an excess in '°Sm (relative fo terrestrial reference
materials), the result of neutron capture on 1496, This
indicates that CAl lisa experienced an especially high
neutron fluence, when compared with other CAls, of
2.11 x 10" n cm™ (Shollenberger et al. 2018). This high
neutron fluence provides evidence that CAl Lisa was close to
the surface of its NWA 6991 parent body, which also had to
be bombarded with high-energy cosmic ray protons. We
estimate that high-energy proton iradiation of CAls near the
surface of the NWA 6991 parent body can produce ng g™
levels of spallogenic B. We base our findings on Leya ef al
(2000): iradiation of the uppermost tens of cm of near-
surface H chondrite material by the present-day GCR flux at
1 AU can produce the similar isotope '°Be at a rate of
seventeen disintegrations per minute per kg. If multiplied
by 1 Gy, this would yield a mass fraction of ['%Be] =
0.15ng g The cross sections for spallation of '°O to
produce the stable isotopes '°B and ''B are, respectively,
about 5 and 12 times the cross section for spallation of '°O
to produce '°Be (Moskalenko and Mashnik 2003), so we
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Figure 3. Measured and modelled data for CAI Lisa.
The black symbols represent the original IMS-1290
data, and the grey symbols represent the re-calculated
regression after subtracting 2.5 ng g™' (A[B]) of spal-
logenic B from the original data. The isochron regres-
sion results are shown. The horizontal dashed line is
the chondritic B isotope ratio ('°B/''B = 0.2481; Zhai
et al. 1996). Uncertainties are 2SE. [Colour figure can

be viewed at wileyonlinelibrary.com]

estimate that irradiation of near-surface chondriic material
could raise the mass fraction of boron by 2.8 ng g']. It is
then plausible that high-energy proton irradiation of CAls
near the surface of the NWA 6991 parent body could
produce ng g levels of spallogenic B necessary to
artificially shift the '°Be—'°B systematics of CAl lisa as
illustrated in Figure 3. Future correlated measurements of

35 . . . :
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30}
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o 25}
X 20t
@
2. 15t
)
Q o}
5.
O 1 1 1 1
0 1 2 3
AlBl (ng g™')

1%0Sm and '%Be in CAls could verify the possibility that
proton irradiation on the surfaces of chondritic parent bodies
altered the original '°Be~'°B systematics in some CAls.

Evidence for aqueous alteration

Another secondary process that could affect the
19Be—"9B system is thermal metamorphism and/or aqueous
alteration on the meteorite parent body. We focus on
aqueous alteration here because the diffusion coefficients for
B in silicates are quite slow (Zhang et al. 2010); thermal
metamorphism would only cause B to move if a B-bearing
phase actually broke down and/or a new boron phase
began to grow. Podosek et al (1991) demonstrated that
some Allende (CV3,,) CAls display disturbances in the
26Al-25Mg system, especially in melilite. Be s refractory and
was likely introduced into the CAl at an early stage. It has a
50% condensation temperature of 1500 K as gugiate
(CapBeSinO5) in solid solution with melilite (Lauretta and
Llodders 1997). On the other hand, B has a 50%
condensation temperature of only 964 K and was incorpo-
rated mostly as danburite (NaBSizOg) in solid solution with
anorthite (Lauretta and Lodders 1997). The moderote|y
volatile nature of B causes its depletion in characteristic CAl
minerals. Although B diffuses more slowly than Mg (at least
in anorthite; Sugiura et al 2001), it may be released to, or
precipitated from, an aqueous fluid during parent body

alteration.

There are a number of unknowns when discussing the
effect of aqueous alteration on the '°Be-'°B regression.

35
(b)

10Be/%Be (x10)
— — N N w
o [6)] o [6)] o

[¢)]

1 1.1 1.2 1.3 1.4
MSWD

Figure 4. The estimated '°Be/°Be ratios based on the measured (black symbol) and modelled (grey symbols) data
for CAl Lisa versus (a) the amount of spallogenic B (AB) subtracted from the total B and (b) MSWD. Panel (a) shows

that the inferred initial '°Be/°Be ratio decreases as greater amounts of spallogenic B (AB) are subtracted. Plot (b)

shows that the MSWD does not change significantly as more spallogenic B is subtracted, even as the inferred

1°B8e/?Be ratio decreases.
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What is the temperature and composition of the aqueous
phase? Specifically, what is the B mass fraction and isotopic
composition of this phase? What are the diffusion charac-
teristics of B in melilite? It is likely that the fluid-rock interaction
is heterogeneous and may only offect a few data points,
which would increase the scatter of the data points (adding
B to some, sub’rrocﬁng B from ofhers) that define the
regression without necessarily altering the inferred initial
'9Be/?Be ratio. If secondary mineralisation (replacement of
melilite by nephe|ine, sodalite, hedenbergite and andradite;
Wasson et al. 2001) is present, it proves that alteration by an
HQO—beoring phase occurred. Overall, little information
exists about B behaviour during aqueous alteration, espe-
cially with regard to melilite, but we expect that any
chondrific B exchange between parent body aqueous fluids
and melilite would result in more scatter (i, higher MSWD)
in the CAl "°Be—"B regression.

Method for future reporting of '°Be-'°B
isotope systematics

Integrating the results from future studies of '°Be-'°B
isotope systematics in primitive mefeorific materials info @
consistently reported data set will increase the scientific impact
of this work by allowing comparisons and by enabling an
assessment of the original distribution of '%Be in the early
Solar System (which has implications for its origin). Compar-
isons between data sets are only possible if studies follow a
standardised reporting procedure. The linear regressions are
reproducible only if the authors report these five quantities for
each analysis point:  x = "Be/''B, uncertainty in X,
y="9B/!"B, and uncertainty in y. The next quantiies are
also key to report, but are not necessary to reproduce the
isochrons: (@) MSWD to assess the robustness of the regression
(ideally, authors should also report whether their MSWD
exceeds the criical value 1+ 2(2/(n - 2)"2 and if so,
provide a discussion about the validity of that isochron); (b) the
specific reference materials ufilised in the study, along with the
resulting RSF and IMF values; (c) the compositional data for
the phases that are analysed; specifically [Bl and [Bel in ng g
"orng g (fo enable corrections, as needed, for iradiation),
Ak content, abundances of SO, and AlL,Os; and (d) error
correlations (which may not significantly affect the slope of the
isochron but can alfer the slope uncertainty and MSWD). In
following this reporting strategy, researchers will be able to
more easily compare results from different studies and
interpret the available '°Be~'"B data as a whole.

Conclusions

In the context of determining the origin of '°Be in the

early Solar System, we have re-evaluated previous
y Y p
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19Be-"9B studies, while examining the importance of
analytical and data reduction factors such as RSF, MSWD,
and correlation coefficient, as well as natural factors such as
imadiation and aqueous alteration. To properly compare
19Be/"Be values between samples to determine whether
the distibution of '“Be in the early Solar System was
homogeneous or heterogeneous, it is vital to standardise
the processing of data obtained via SIMS analyses. Using
an inappropriate RSF can change the inferred initial
'9Be/"Be ratio; we synthesised melilite-composition glass
reference materials and agree with Fukuda et al (2018)
that matrix-matched reference materials for RSF determina-
tion are not necessary to establish accurately determine
19Be—"B isotope systematics in CAls. Another measurement
consideration to take into account is that individual SIMS
analyses should only be made on single-phase, crack-free
grains. It is also important to standardise how data are
reported. MSWD is essential to report because this quantity
allows us to assess the validity of an isochron; specifically, if
the MSWD exceeds 1 + 2(2/(n - 2))'/?, where n is the
number of data points in the regression, the regression has
< 5% probability of being an isochron (Wendt and Carl
1991). Correlated errors should be taken info consideration
when generating a '%Be—'B isochron because they can
affect the uncertainties in the slope and intercept, and the
MSWD of a regression. Even affer these analytical and data
reduction factors are taken into consideration, the inferred
inifial '°Be/Be ratio may not be the original one in a
given CAl. Because B mass fractions in CAl phases are
typically low and this element can be produced by proton
iradiation, some data sets may need to be corrected for
spallogenic B; even a few ng g™ of spallogenic B can
change the inferred initial '°Be/"Be ratio  significantly
without affecting the MSWD. Aqueous alteration on the
chondrite parent body likely introduces scatter in the
19Be—"%B data and increases the MSWD. The re-evaluated
data set presented here (based on data reported previ-
ously for thirty-two CAls), along with implications presented
here for the '9Be—'B isotope system, can be infegrated
with future studies to constrain the origin of '%Be in the early

Solar System.
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