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P L A N E T A R Y  S C I E N C E

Fossil records of early solar irradiation 
and cosmolocation of the CAI factory: A reappraisal
David V. Bekaert1,2*, Maureen Auro1, Quinn R. Shollenberger3,4, Ming-Chang Liu4, 
Horst Marschall2,5,6, Kevin W. Burton7, Benjamin Jacobsen8, Gregory A. Brennecka8,  
Glenn J. McPherson9, Richard von Mutius5, Adam Sarafian1,2, Sune G. Nielsen1,2

Calcium-aluminum–rich inclusions (CAIs) in meteorites carry crucial information about the environmental condi-
tions of the nascent Solar System prior to planet formation. Based on models of 50V–10Be co-production by in-situ 
irradiation, CAIs are considered to have formed within ~0.1 AU from the proto-Sun. Here, we present vanadium 
(V) and strontium (Sr) isotopic co-variations in fine- and coarse-grained CAIs and demonstrate that kinetic isotope 
effects during partial condensation and evaporation best explain V isotope anomalies previously attributed to 
solar particle irradiation. We also report initial excesses of 10Be and argue that CV CAIs possess essentially a homo-
geneous level of 10Be, inherited during their formation. Based on numerical modeling of 50V–10Be co-production 
by irradiation, we show that CAI formation during protoplanetary disk build-up likely occurred at greater helio-
centric distances than previously considered, up to planet-forming regions (~1AU), where solar particle fluxes 
were sufficiently low to avoid substantial in-situ irradiation of CAIs.

INTRODUCTION
Astronomical observations of young stellar objects (YSOs) indicate 
that their surrounding accretionary disks are directly exposed to 
levels of x-ray and high-energy (≥10 MeV) particle emissions that 
are orders of magnitude higher than observed for most main- 
sequence stars (1, 2). However, the duration and characteristics 
(gradual or impulsive flares) of these early stages of high stellar 
activity remain poorly understood. Anomalous abundances of short- 
lived radionuclides in Ca-Al–rich inclusions (CAIs) of carbona-
ceous chondrite meteorites have been suggested to be fossil records 
of dust irradiation by solar cosmic rays (SCRs) at the inner edge of 
the protoplanetary disk (PPD) (3). The most unambiguous evidence 
of CAI irradiation is the observation of 10B excesses from the decay 
of 10Be [T1/2 = 1.386 ± 0.016 million years (Ma); (4)]—a short-lived 
radioactive isotope that exclusively requires a spallation origin—
with initial 10Be/9Be ratios of (6 to 10) × 10−4 at the time of forma-
tion of CV3-chondrite CAIs (5–10). However, alternative models 
suggest that a fraction, if not all, of 10Be in CAIs could have been 
inherited from a presolar stage, either via spallation reactions and 
trapping of galactic cosmic ray (GCR) 10Be (11) or via irradiation of 
the presolar molecular cloud by background GCRs (12). Inheritance 
of 10Be from early phases of nebular gas irradiation, before CAI 
formation, has also been proposed as a potential mechanism to 
account for most of 10Be in CV CAIs (13). Reliable quantification of 
early solar irradiation processes from 10Be records in meteorites is 

hampered by the lack of constraints regarding the nature of the target 
(nebular gas or proto-CAIs), as well as the duration and location of 
particle irradiation from the young Sun in the early Solar System.

Most CAIs originally formed as fine-grained condensates, with a 
subset experiencing episodes of remelting to form coarser igneous 
CAIs (14, 15). That the mineralogical composition of fine-grained 
CAIs follows thermodynamic predictions of equilibrium condensa-
tion from a gas of approximately solar composition (16) supports 
the idea that CAIs condensed from the cooling gas phase of the PPD 
some 4567 Ma ago (17–19). The minerals they contain are rich in 
refractory elements (Ca, Al, Ti), indicating that they formed at tem-
peratures over 1400 K, which would have mainly been reached near 
the proto-Sun. Physical models of 10Be production in high-energy 
irradiation environments of the early Solar System have predicted 
that 50V excesses of several per mil (‰) should be recorded in CAIs, 
whereby higher initial 10Be/9Be ratios would be associated with the 
largest V isotope anomalies (3,  20). Recently, 50V excesses up to 
4.4‰ were reported in fine-grained CAIs and interpreted to covary 
with initial 10Be abundances (21). Modeling of the coproduction of 
50V and 10Be by in situ irradiation of proto-CAIs was taken to indi-
cate that the dust was exposed to SCR associated with gradual flares 
at ~0.1 astronomical units (AU) from the proto-Sun for ≤300 years 
(21). Yet, CAIs are found to be most abundant (up to ~3 volume %) in 
meteorites that, based on their nucleosynthetic signatures (22, 23), 
are considered to have accreted beyond the orbit of Jupiter. Unex-
pectedly, CAIs are extremely scarce (<0.2 volume %) in enstatite and 
ordinary chondrites, which most likely formed in the inner Solar 
System, closer to the surmised cosmolocation of the CAI factory 
(24). The anchoring of the CAI-forming region at the inner edge 
of the PPD therefore requires CAIs to have been efficiently trans-
ported to the outer regions of the Solar System, potentially above 
the disk midplane by stellar outflows (3, 25) or at the disk midplane 
by a meridional flow (24, 26). Precisely cosmolocating the CAI 
factory therefore has profound implications for our understanding 
of the structure and dynamical evolution of the PPD.

Although V has now emerged as a critical tool to constrain 
numerical models of dust irradiation by protosolar cosmic rays, it 
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has only two stable isotopes (50V and 51V). Consequently, any 
unresolved contribution from nucleosynthetic and/or mass-dependent 
stable isotope fractionation effects could therefore potentially intro-
duce a bias in our interpretations of V isotope variations in CAIs. 
Critically, multiple studies have demonstrated that CAIs contain 
substantial mass-dependent isotopic effects for the elements Ca, Si, 
Mg, Ti, Ni, Fe, Sr, and U due to processes such as evaporation, 
condensation, and gas-melt isotopic exchange during CAI formation 
[e.g., (27–32)]. Fortunately, the element Sr has a 50% condensation 
temperature [T50(Sr) = 1464 K (33)] that is very close to that of V 
[T50(V)  =  1429  K (33)], and it has four stable isotopes—none of 
which is significantly produced by solar irradiation—hence greatly 
facilitating deconvolution of nucleosynthetic and kinetic fraction-
ation effects (31). To investigate the potential for processes other 
than solar irradiation to induce V isotope variations in CAIs, here, 
we present the first coupled V and Sr isotope measurements in five 
coarse-grained and three fine-grained CAIs from the Allende CV3 
meteorite (fig. S1 and table S1). In addition, for a subset of CAI 
samples, we present their 10Be-10B systematics and rare-earth ele-
ment (REE) patterns. Our data reveal a clear V-Sr isotope correla-
tion that follows predictions from kinetic isotope fractionation 
during partial condensation and evaporation and precludes a 
substantial influence of irradiation processes on the V isotope 
composition of CAIs. Using numerical modeling of 50V and 10Be 
coproduction by irradiation from the young Sun, we find that very 
little of the 10Be in CV CAIs could have been produced via in situ 
irradiation in the vicinity of the proto-Sun. This result implies that 
most of 10Be in CV CAIs was already present in the protosolar 
nebula when CAIs formed, and that the location of CAI formation 
need not have been as close to the proto-Sun as previously thought. 
Combining our findings with literature data, we re-evaluate the 
available records of early Solar System irradiation in meteorites and 
the associated constraints on the cosmolocation of the CAI factory 
in the nascent Solar System.

RESULTS
The V-Sr isotope correlation
Vanadium and strontium isotope compositions in CAIs are reported 
as parts per thousand (‰) deviations from the respective reference 
standards (Supplementary Materials), using the  notation

   δ    i  X =    (    (    i  X    /     j  X   )  sample
    ⁄  (    i  X    /     j  X   )  reference    − 1 )   × 1000   (1)

where i and j denote isotopes of the element X. Consistent with 
previously reported V isotope data (21), we find 51V values that 
vary over >5‰ (Fig. 1). Fine-grained CAIs exhibit more negative 
51V (ranging from −5 to −3‰) than coarse-grained CAIs (ranging 
from −2.5 to +0.5‰), which encompass the chondritic value 
[51Vchondrite  =  −1.089  ±  0.031‰ (34)]. The heaviest V isotope 
composition measured here in CAI75 (51V = +0.5‰) is the highest 
value ever reported in extraterrestrial matter. Furthermore, we find 
that 88Sr values also vary over a large range of ~5‰ (Fig. 1), which 
is similar to ranges previously reported for 88Sr variations in CAIs 
(31, 35). When plotted in 51V versus 88Sr space (Fig. 1), six CAIs 
(five coarse-grained and one fine-grained) define a positive linear 
trend (R2 = 0.995) that does not encompass the chondritic value. 

The latter plots below the observed 51V-88Sr correlation line, 
corresponding to a ~0.3‰ shift toward low 51V values (or ~0.4‰ 
shift toward high 88Sr values). In addition to the fine-grained CAI 
that plots on this correlation line, two analyzed fine-grained inclu-
sions (CAI01 and CAI02) plot significantly below the 51V-88Sr 
trend (Fig. 1). The two fragments we analyzed for CAI01 (labeled a 
and b in Fig. 1) have distinct 88Sr but indistinguishable 51V, 
suggesting perturbation of their 88Sr.

REE patterns
The different groups of CAI REE patterns observed here are 
summarized in the Supplementary Materials (fig. S2) and interpreted 
following Ireland and Fegley (36). Coarse-grained CAI08 and 
CAI65 have flat chondrite-normalized REE patterns (group I, V). 
Three coarse-grained CAIs (CAI3529, CAI75, and CAI30) have 
group III REE patterns characterized by depletions in the two most 
volatile REEs, europium (Eu) and ytterbium (Yb). The three fine-
grained CAIs (CAI01, CAI02, and CAI03) show fractionated group 
II REE patterns thought to represent the “primitive” signature of 
nebular gas condensation (37).

Be-B measurements
Four coarse-grained CAIs were analyzed for Be-B isotopes by 
secondary ion mass spectrometry. During these measurements, extra 
care was taken to eliminate sample contamination by terrestrial 
boron in the analyzed CAIs (figs. S5 to S9). All four CAIs show 
evidence for the presence of short-lived 10Be at the time of their 
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Fig. 1. 51V and 88Sr isotopic composition of fine- and coarse-grained CAIs 
(represented in red and blue, respectively). The dashed line represents the best 
fit of the linear regression through all coarse-grained CAIs and fine-grained CAI03 
[51V = (−0.956 ± 0.092) + (0.715 ± 0.056) × 88Sr at 95% confidence interval (CI), 
R2 = 0.995]. Ranges of 51V values previously measured by Sossi et al. (21) for 
fine- and coarse-grained CAIs are reported as red and blue areas, respectively. The 
bulk silicate earth (BSE) and chondritic compositions (34, 40, 41) are indicated by 
the black triangle and star, respectively. Numbers refer to individual sample labels 
(Supplementary Materials). Data points represented with circle, square, and diamond 
symbols refer to group III, group I, V, and group II RRE patterns, respectively 
(Supplementary Materials). Two fragments (labeled a and b) were analyzed for 
CAI01. Errors are given as 2.
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formation (Fig. 2). Sample CAI75 presents high 9Be/11B (up to ~600), 
as well as extremely low boron concentrations (<1 ng/g). The three 
other samples show higher boron concentrations in the range of 
50 to 120 ng/g (Supplementary Materials). Initial 10Be/9Be (noted 
10Be/9Be0) and 10B/11B (noted 10B/11B0) derived for the four iso-
chrons presented here are within the range of previously published 
data for CAIs in CV chondrites [e.g., (5–8, 21)]. 10Be/9Be0 for CAI75 
and CAI08 (~7 × 10−4), which both exhibit 9Be/11B > 100, are close 
to typical values obtained for CV CAIs [~8  ×  10−4 (8)]. 10Be-10B 
isochrons for CAI65 and CAI3529 are defined over more restricted 
ranges of 9Be/11B values (≤9.11 and  ≤0.23, respectively). The 
10Be/9Be0 derived for CAI3529 (~9 × 10−3) is similar to the value of 
7 × 10−3 reported by Sossi et al. (21), with both isochrons being 
defined over small 9Be/11B ranges [≤1.5 for Sossi et al. (21)] and 
being associated with high mean square weighted deviation (MSWD) 
values, therefore pointing toward an overdispersion of the data 
(38). Different fragments of CAI3529 have been previously 
analyzed for Be-B, yielding maximum 9Be/11B values ranging from 
≤5 (CAI3529–30) up to 200 (CAI3529–41) (5, 8). The analysis of 
the latter fragment provided one of the best-defined 10Be/9Be0 ever 
determined in CAIs, at (8.6 ± 0.6) × 10−4 (5, 8).

Rb-Sr systematics
Rb/Sr ratios in CAIs are generally highly variable, with fine-grained 
CAIs typically displaying elevated values consistent with the intro-
duction of chondritic Rb (and so most likely chondritic Sr, albeit to 
a lesser degree) into the CAIs by alkali-rich secondary alteration 

fluids (31). 87Sr variations in CAIs are primarily controlled by 
the radiogenic decay of long-lived 87Rb [T1/2 ~ 50 × 109 years (39)]. 
The low 87Rb/86Sr ratios and primitive 87Sr/86Sr (<0.702) observed for all 
coarse-grained CAIs investigated here indicate that the influence of 
aqueous alteration on their Sr isotope compositions has remained 
limited. Conversely, 87Sr/86Sr up to ~0.744  in fine-grained CAIs 
points to substantial secondary addition of Rb. For example, CAIs 
01 (a and b) and 02, which do not plot on the 51V-88Sr correlation 
(Fig. 1), have 87Sr/86Sr ≥ 0.73 (Supplementary Materials). Qualita-
tively, our data indicate a first-order distinction between (i) CAIs 
exhibiting primitive 87Sr/86Sr and plotting on the 51V-88Sr cor-
relation line and (ii) those that show evidence for radiogenic ingrowth 
of 87Sr from 87Rb of secondary origin and do not plot on the 
51V-88Sr correlation line. One exception to this is the fine-grained 
CAI03, which is on the 51V-88Sr correlation and displays an 
elevated 87Sr/86Sr (~0.729; Supplementary Materials). CAI02, which 
exhibits the highest 87Sr/86Sr (~0.744; Supplementary Materials), 
shows most deviation from the 51V-88Sr correlation line (Fig. 1). 
The two fragments we analyzed for CAI01 (labeled a and b in Fig. 1) 
have distinct 88Sr (but similar 51V), pointing to a heterogeneous 
88Sr. All CAIs analyzed in this study roughly plot within the 
errorchron 2-envelope defined by coarse-grained CAIs (fig. S3). 
However, because of the large dispersion of the data, this errorchron 
has limited geochronological meaning. Its slope provides a poorly 
defined age of 4.1 ± 0.7 Ga, with an initial 87Sr/86Sr = 0.69904 ± 0.00062 
(2; fig. S3), which is indistinguishable from the canonical 87Sr/86Sr 
of CAIs [0.69886 ± 0.00020 (31)].
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DISCUSSION
V-Sr isotope systematics in CAIs
The strong correlation between 51V and 88Sr for five coarse-
grained and one fine-grained CAIs (Fig. 1) suggests that V and Sr 
isotopic variations in CAIs are primarily controlled by a common 
process. Given that V and Sr behave differently geochemically (due 
to large differences in ionic charge and radius), but have compara-
ble 50% condensation temperatures (33), this 51V-88Sr correla-
tion could have a volatility-controlled origin. In agreement with 
Mg, Ca, and Fe systematics in CAIs [e.g., (32)], V and Sr indicate 
that fine-grained CAIs are generally isotopically lighter than igne-
ous CAIs, which most likely reflects the fact that igneous CAIs ex-
perienced more substantial evaporation, as these CAIs were once 
molten, driving their isotopic compositions toward heavier values. 
A 51V-88Sr relationship could, in principle, be controlled by a 
number of processes, such as (i) secondary alteration of fine-grained 
CAIs, (ii) irradiation processes, (iii) equilibrium isotope fraction-
ation, and/or (iv) nucleosynthetic anomalies. Below, we show that 
(v) kinetic fractionation during evaporation/condensation is the 
main process controlling 51V-88Sr variations in CAIs.
(i) Secondary alteration of fine-grained CAIs
Contrary to V, nucleosynthetic, radiogenic, and stable Sr isotopic 
variations in fine- and coarse-grained CAIs have been extensively 
investigated. Refractory inclusions recently analyzed by Charlier et al. 
(31) exhibit a range of 88Sr values of ~5.3‰ (−3.67 to +1.67‰) 
that reflect kinetic isotope effects during partial condensation/
evaporation and/or low-temperature alteration processes. Here, we 
find that the CAIs showing least evidence for pervasive addition of 
Rb during secondary alteration (i.e., coarse-grained CAIs; Supple-
mentary Materials) plot on the 51V-88Sr correlation. Conversely, 
fine-grained CAIs 01 and 02, which depart from the 51V-88Sr correla-
tion line, exhibit high 87Sr/86Sr and 87Rb/86Sr, reflecting secondary 
addition of Rb and partial equilibration of the 88Sr with aqueous 
fluids of chondritic composition [i.e., 88Sr = 0.2‰ (40, 41)]. The 
fact that the two fragments analyzed for CAI01 (labeled a and b in 
Fig. 1) have distinct 88Sr but similar 51V reinforces our interpreta-
tion that the deviation of CAI01 (and likely CAI02) from the 51V-
88Sr correlation line arises from internal heterogeneities in 88Sr 
and not 51V. In this framework, the 88Sr of CAIs 01 and 02 would 
not reflect their primordial compositions. As observed in terrestrial 
contexts [e.g., (42)], Rb and Sr may be decoupled during alteration 
[e.g., (31)] such that the occurrence of high 87Sr/86Sr (reflecting sec-
ondary addition of Rb) may not necessarily imply that the 88Sr of 
the corresponding CAI was perturbed during aqueous fluid circula-
tion. Hence, 87Sr/86Sr variations may only provide a first-order, 
qualitative indication regarding whether or not aqueous alteration 
affected the corresponding CAIs. Hydrothermal fluids do not 
mobilize V, and so, its isotopic composition is not modified beyond 
analytical uncertainty by pervasive hydrothermal alteration pro-
cesses (43). Although some of the CAIs plotting on the 51V-88Sr 
correlation likely experienced some degree of secondary alteration 
(e.g., CAI03; fig. S3), their occurrence on the 51V-88Sr correlation 
(Fig. 1) suggests that potential aqueous processes had a negligible 
effect on their stable Sr isotope compositions. Notably, we cannot 
exclude the possibility that the primordial 88Sr of CAI03 was more 
negative than observed today by up to several per mil, as suggested 
by the large deviations of CAIs 01 and 02 from the correlation line 
(Fig. 1). However, such a scenario would imply that subsequent dis-
ruption of the 88Sr by equilibration with the aqueous fluid and 

potential production of 50V by irradiation processes fortuitously 
drove the 51V-88Sr composition of CAI03 on the correlation line 
defined by other CAIs. In this case, the fact that CAI03 plots on the 
51V-88Sr correlation line would be circumstantial. Although we 
cannot rule out this possibility, we consider that the available 
dataset is not sufficient to justify excluding CAI03 from the correla-
tion line. Charlier et al. (31) demonstrated that the distributions of 
Rb and Sr between fine- and coarse-grained CAIs are largely decou-
pled. Contrary to theoretical expectations, these authors showed 
that Sr and Eu abundances in fine-grained CAIs are strongly cou-
pled, which suggests that the distribution of Sr in fine-grained CAIs 
reflects not only introduction of Sr by aqueous alteration but also 
variable extents of incomplete condensation from nebular gas. 
Future investigations of coupled 51V-88Sr and 87Rb/86Sr-87Sr/86Sr 
systematics have the potential to shed further light on the mecha-
nisms controlling 88Sr variability in fine-grained CAIs. Here, we 
consider that the CAIs plotting on the 51V-88Sr correlation 
(Fig. 1) most likely preserved the primordial stable Sr isotope com-
position produced by condensation and evaporation processes 
in the PPD.
(ii) Irradiation processes
Given that stable Sr isotope compositions are unaffected by irradia-
tion (31), and the fact that production of 50V by irradiation would 
only lower the 51V values in CAIs, irradiation alone cannot ac-
count for the observed 51V-88Sr correlation (Figs. 1 and 3). There-
fore, the strong 51V-88Sr correlation dictates that little (<0.2‰), if 
any, V isotope variation arises from irradiation processes. Although 
additional data would be required to test this interpretation, the fact 
that the chondritic value in V-Sr isotope space plots ~0.3‰ below 
the CAI correlation line (Fig. 1) could suggest that the gas reservoir 
from which chondrites formed was enriched in 50V by ~0.3‰ with 
respect to the gas reservoir from which CAIs condensed. The exact 
timing of CAI formation relative to other chondritic components is 
unclear: Whereas 26Al-26Mg systematics suggest a gap of 2 to 3 Ma 
(and up to 3 to 4 Ma for CR meteorites) between the formation of 
CAIs and that of chondrules (44), 207Pb-206Pb data for chondrules 
indicate a range of ages with essentially no temporal gap (45). In any 
case, at a given time of the PPD evolution, 50V production by irradi-
ation would have decreased with heliocentric distance [e.g., (21)], 
which is the opposite of what would be required to produce 50V 
enrichments in chondrules and other chondrite matrix material 
relative to CAIs. Enstatite, ordinary, Rumuruti, and carbonaceous 
chondrites, thought to have accreted within a relatively short time 
span and at highly variable heliocentric distances (24), all have 
indistinguishable V isotope compositions (34). If dust exposure to 
solar irradiation was the main process with substantial effect on the 
V isotope composition of Solar System materials, then distinct 
chondritic groups could have received variable amounts of solar 
irradiation and therefore ended up with different bulk V isotope 
compositions, which is not observed (34). Furthermore, the bulk 
abundance of CAIs, which are the most likely carriers of irradiation- 
induced V isotope anomalies (21), greatly varies across different 
chondritic groups (24). Yet, all the chondrites analyzed so far 
display uniform bulk V isotope compositions (34), indicating 
that the V isotopic heterogeneity that exists among CAIs does not 
influence the isotopic composition of bulk chondrites.
(iii) Nucleosynthetic anomalies
Nucleosynthetic isotope anomalies in bulk meteorites have been 
observed for a large number of elements [e.g., Ti, Sr, Ca, Cr, Ni, Mo, 
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and Ru (46)]. Together, these indicate that the bulk isotope compo-
sition of carbonaceous chondrites is generally offset from that of 
noncarbonaceous chondrites toward the composition of CAIs 
(46, 47). Although V isotope compositions of bulk carbonaceous 
chondrites have been proposed to broadly correlate with nucleo-
synthetic anomalies of 54Cr (48), subsequent studies have found 
that V isotope variations in bulk chondrites can be ascribed to 
recent production of 50V from GCR spallation processes (49). Once 
corrected for this effect, V isotope data for all types of chondrites 
investigated to date display a uniform composition (34). The lack of 
V isotope variation in chondritic bodies that accreted over a large 
range of heliocentric distances implies that nucleosynthetic V isotope 
anomalies, if they exist, are negligible. The absence of V nucleo-
synthetic anomalies in meteorites appears in line with the fact that 
the two isotopes of V are synthesized by a common process [explosive 
oxygen burning (50)]. This concept is greatly bolstered by a lack of 
V isotopic variation in sequential acid leaching experiments we 

have here carried out on the Murchison CM2 chondrite (Supple-
mentary Materials). These leaching experiments classically provide 
large isotopic variation by chemically isolating heterogeneously 
distributed presolar components present in primitive chondrites 
[e.g., (46)]. The lack of V isotope variation during the progressive 
dissolution of the Murchison carbonaceous chondrite (Supplementary 
Materials) provides further evidence for the absence of significant V 
nucleosynthetic anomalies across the Solar System.
(iv) Equilibrium isotope fractionation
Theoretically, the equilibrium isotopic fractionation (also called 
reduced partition function ratio) between two compounds can be 
calculated from the vibrational energies of the bonds in each isoto-
pic species [e.g., (51)]. However, these data are, to our knowledge, 
not available for the likely species involved in condensing or evapo-
rating the two elements (V and Sr) considered in this study. The 
extent of equilibrium isotopic fractionation of V and Sr during 
condensation or evaporation of CAIs, where the magnitude of 
fractionation is primarily controlled by the transformation reaction 
from vapor to solid phase(s), is therefore unknown. Given the 
elevated temperature involved in CAI formation, the common 
assumption is that equilibrium isotopic fractionation should, how-
ever, be small (15). In the case of Ca, for example, small positive 
mass-dependent isotope effects of up to <0.5‰ can be produced by 
equilibrium fractionation (52). This is because, under nebular 
conditions, Ca is present in its atomic form in the gas phase, and Ca 
bonded to other atoms in the condensate favors the heavy isotopes. 
On the other hand, elements such as Ti, which are bonded to oxygen 
(as TiO and/or TiO2), have much more similar bond strengths 
between the gas and solid phases even when Ti occurs in different 
oxidation states, therefore resulting in smaller equilibrium isotopic 
fractionation effects (52). Under nebular conditions, dominant 
V-bearing gas species are, like for Ti, associated with at least one 
atom of oxygen [VO, VO2, and V4O10 (53)], which therefore limits 
the potential for substantial equilibrium fractionation of V isotopes. 
As for Sr, it could have been equally present as Sr and SrO in the gas 
phase of the PPD (53), which could theoretically produce small 
(likely <0.5‰) equilibrium fractionation effects. However, such a 
process would not be able to explain the Sr-V isotope correlation 
(Fig. 1) and the magnitudes of potential equilibrium isotope frac-
tionation effects for both elements are at least an order of magni-
tude smaller than the overall V-Sr isotopic variations observed here.
(v) Kinetic fractionation during evaporation/condensation
In the following, we show that the observed covariation of V and Sr 
isotopes in CAIs, as well as their offset from the chondritic values 
(Fig. 1), can be readily explained by kinetic isotopic fractionation 
during evaporation and condensation, as mathematically formulated 
by Richter (54) (Supplementary Materials). In this framework, it is 
assumed that the gas phase starts with a chondritic isotope compo-
sition and is dominated by a single species containing the element 
of interest. We note that the atomic form of V is considered here in 
the modeling for the purpose of comparison, but it is not expected 
to be a dominant V-bearing species within the gas phase of the 
protosolar nebula (53). Conversely, we do not consider gaseous V4O10, 
as the widespread occurrence of this species would require condi-
tions that are far more oxidizing than the canonical protosolar nebu-
la. The equations we use follow the usual formulation of the Rayleigh 
fractionation, whereby f is the fractional amount of a given isotope 
remaining in the source (gas phase for condensation and solid 
phase for evaporation),  is the kinetic isotope fractionation factor, 
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and i is the “sticking” (or “evaporation”) coefficient (Supplementa-
ry Materials). The formalism of this approach relies on the fact that 
condensation/evaporation kinetics are governed by thermodynamics 
and equilibrium vapor pressures through the Hertz-Knudsen 
equation (55)

   J  i   =   
n  γ  i   ( P  i,sat   −  P  i  )  ─ 

 √ 
_

 2π  m  i   RT  
    (1)

where Ji is the flux of i in moles per unit area per unit time (i.e., net 
evaporation regime if Ji > 0), n is the number of atoms of i in the 
dominant gas species molecule containing i, i is the dimensionless 
sticking coefficient for i, Pi,sat and Pi are the saturation vapor 
pressure and partial pressure of the gas molecule containing i at the 
surface of the condensed phase, mi is the molecular mass of species 
i, R is the ideal gas constant, and T is the absolute temperature (54). 
This approach therefore makes the simplifying assumption that 
the gas phase is dominated by a single species containing one atom 
of the element of interest. Close to equilibrium conditions (i.e., 
when Pi approaches Pi,sat), the net flux tends toward zero. As con-
sidered here below, the net flux becomes maximal close to free 
evaporation conditions, also referred to as the “vacuum limit” (i.e., 
when Pi << Pi,sat).

First, we assume that V and Sr species have identical i and T50 
and so identical f during condensation and evaporation. Theoretical 
traces of the V and Sr isotopic evolution of the CAIs during partial 
condensation and evaporation are represented in Fig. 3 for the 
different atomic or molecular species considered here for V and Sr. 
We observe that the slopes of these condensation and evaporation 
lines (i) vary depending on the Sr/SrO and V/VO/VO2 of the gas 
and (ii) are all relatively close to the actual 51V-88Sr correlation 
line of CAIs (Fig. 3). In theory, it is possible to adopt distinct sticking 
coefficient ratios for the isotopes of Sr and V (e.g.,    γ       50  V      =  γ       51  V       and 
  γ       86  Sr      = 0.9976 ×  γ       88  Sr      ) to force each one of these isotopic traces to 
reproduce the slope of the CAI correlation line (Supplementary 
Materials). However, any scenario considering identical f for the V 
and Sr species will produce condensation/evaporation lines that 

unavoidably pass through the chondritic value (Fig. 3), as opposed 
to the actual 51V-88Sr correlation line of CAIs, which is offset 
from chondrites by ~0.3‰ toward high 51V values. Likewise, dif-
ferent combinations of these atomic or molecular species would 
allow reproducing the slope of the CAI 51V-88Sr correlation line 
(e.g., considering Sr in atomic form and V as 64% VO and 36% V) 
but not its offset from chondrites. Below, we show that consider-
ing identical sticking/evaporation coefficient ratios for the isotopes 
of V and Sr (i.e.,    γ       50  V      _  γ       51  V       =   γ       86  Sr      _  γ       88  Sr       = 1 ), but slightly different volatilities for 
V and Sr (hereafter interpreted in terms of differences in their T50 as 
we make the simplifying assumption that V = Sr), naturally pro-
duces the observed offset between chondrites and the CAI correlation 
line as long as <100% of the nebular gaseous V and Sr of chondritic 
composition is initially condensed.

For each combination of V and Sr species considered here 
(Fig. 3), we compute the linear functions that relate f (V) and f (Sr), 
during either condensation or evaporation, and enable exactly 
reproducing the 51V-88Sr correlation line of CAIs (Table 1 and 
Supplementary Materials). These linear functions [written in the 
form f (V) = a × f (Sr) + b, where a and b are two constants] can be 
used to explain the V and Sr isotope composition of all CAIs 
belonging to the correlation line observed in Fig. 1, starting from 
nebular gas of chondritic composition. These equations demonstrate 
that kinetic fractionation during evaporation/condensation is able 
to readily explain the full range of primordial V and Sr isotope 
compositions in coarse-grained CAIs, with no requirement for 
irradiation, nucleosynthetic, or equilibrium fractionation contribu-
tions. Further interpreting these linear functions in terms of 
condensation/evaporation thermodynamics is, however, hampered 
by the lack of constraints regarding the condensation profiles of V 
and Sr. Thermodynamic condensation model curves have been 
established in the literature for major elements such as Si, Mg, Ca, 
Ti, and Al (Fig.  4) (52,  56). These curves present distinct slopes 
(with the steepness of Si < Al < Ti) and, eventually, some kinks (e.g., 
for Si and Ca) corresponding to the condensation of mineral phases 
into which the considered element strongly partitions. Given the 
exceptionally strong correlation between 88Sr and 51V in CAIs, it 
appears reasonable to assume that V and Sr would have roughly 

Table 1. Summary table of the f (V) – f (Sr) linear functions required to reproduce the CAI correlation line in 51V-88Sr space, starting from a nebular 
gas of chondritic composition. Given that the fractionation factor between two isotopes/isotopologs depends on the inverse square root of their respective 
masses (Supplementary Materials), considering different V- and Sr-bearing species produces condensation/evaporation lines with variable slopes in 51V-88Sr 
space. To reproduce the 51V-88Sr correlation line observed in CAIs from the variable slopes presented in Fig. 3 therefore requires the difference in volatility 
between the two considered elements to be adjusted. For each combination of V- and Sr-bearing species (53), we numerically search for the f (V) – f (Sr) linear 
relationship that enables reproducing the 51V-88Sr correlation line observed in CAIs. Assuming that V = Sr, we compute the modeled range of ∆T50(V-Sr) 
values during condensation, here reported in italic (see Fig. 4). 

V VO VO2

Condensation

Sr f(V) = 0.6781 × f(Sr) + 0.3274 f(V) = 1.0513 × f(Sr) − 0.0406 f(V) = 1.5051 × f(Sr) − 0.4871

∆T50 (V-Sr) +6 to +25 (K) −1 to 0 (K) −16 to −4 (K)

SrO f(V) = 0.5112 × f(Sr) + 0.4932 f(V) = 0.7927 × f(Sr) + 0.2162 f(V) = 1.1350 × f(Sr) − 0.1196

∆T50 (V-Sr) +13 to +49 (K) +4 to +14 (K) −5 to −1 (K)

Evaporation Sr f(V) = 0.8130 × f(Sr) + 0.1597 f(V) = 1.0437 × f(Sr) − 0.0796 f(V) = 1.2630 × f(Sr) − 0.3076

SrO f(V) = 06947 × f(Sr) + 0.2780 f(V) = 0.8919 × f(Sr) + 0.0722 f(V) = 1.0794 × f(Sr) − 0.1238
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similar condensation profiles but potentially different T50. In 
addition, it is noteworthy that V and Sr are presumed to both 
condense as titanates/perovskite from nebular gas [e.g., SrTiO3 
(33, 57)], suggesting that they behave concordantly during conden-
sation in the protosolar nebula.

Here, we adopt an a priori approach to investigate the potential 
difference between the T50 of V and Sr using the linear functions 
presented in Table  1. In the interest of simplification, we built a 
numerical model generating smoothed condensation profiles that 
mimic the thermodynamic condensation model curves of major 
elements (Fig. 4) (52). First, we generate a series of smoothed Sr 
condensation profiles [f (Sr) as a function of temperature] that span 
the range of slopes observed for major elements. All curves for Sr 
are anchored to a T50 of 1464 K (33). Note that T50 values are specific 
to the precise thermodynamic conditions of the protosolar nebula, 
and so, they are not necessarily applicable to inferred conditions for 
CAI condensation/evaporation (58). Hence, we stress that the 
absolute T50 values are of little relevance here, as we are not building 
a thermodynamic model but rather investigating the relative differ-
ence between the T50 of V and Sr. Then, we generate, for each one 
of these Sr condensation curves, the six possible V condensation 

curves defined by the linear functions relating f (V) and f (Sr) 
(Table 1). The T50 of the so-produced V condensation curves are 
finally compared with the T50 of Sr to compute ∆T50(V-Sr) values, 
corresponding to the differences between the modeled T50 of V and 
Sr [∆T50(V-Sr)  = T50(V) − T50(Sr); Supplementary Materials]. 
Using this approach, we obtain ∆T50(V-Sr) in the range −16 K to +49 K, 
which is in agreement with the T50 of V and Sr being very similar to 
one another (33). This finding is, however, different from thermo-
dynamical considerations of VO, V2O3, and SrO condensation 
temperatures for ideal solid solution in perovskite (59), which suggested 
∆T50(V-Sr) in the range +130 to +267 K. Likewise, more recent cal-
culations by Wood et al. (57) have proposed T50(V) = 1370 K and 
T50(Sr) = 1548 K, corresponding to a ∆T50(V-Sr) of −178 K. Although 
it is likely that our simple approach does not capture the diversity of 
thermodynamical and physicochemical conditions associated with 
kinetic processes during CAI condensation and evaporation, our results 
are, at first approximation, most compatible with minimal difference 
between T50(V) and T50(Sr) (33). It is, however, noteworthy that the stick-
ing coefficients of V and Sr species during evaporation/condensation 
under nebular conditions may not be identical such that differences 
in the volatilities of these two elements may not strictly reflect 
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differences in their T50. Laboratory investigations of the fractionation 
factors of V and Sr species during free evaporation from CAI-like 
materials are required to further our understanding of the conditions 
and kinetics of evaporation processes that produced the 51V-88Sr 
correlation observed in CAIs.

Last, we note that the lightest CAI composition on the 51V-88Sr 
CAI correlation (CAI03) would require condensation of ~93 and ~89% 
of nebular V and Sr, respectively, in good agreement with Ca and Ti 
isotope systematics in CAIs requiring condensation of at least 85% 
Ca and 86% Ti (30). Likewise, accounting for the heaviest data point 
of this correlation (CAI75) through partial evaporation of a con-
densate taken as the lightest measured data point (CAI03) would 
require ~35% of the Sr and ~30% of the V to have been lost to the 
gas phase. These values are consistent with the ~10, ~28, and 15 to 
50% evaporation of Ca, Ti, and Fe, respectively, required to account 
for isotope variations observed in CAIs (30, 32), although lower 
evaporative losses would be expected for more refractory elements 
like Ca and Ti.

REE patterns
REE patterns of CAIs are indicative of their condensation and 
evaporation histories (36). All the fine-grained CAIs analyzed here 
have group II REE patterns, whereas coarse-grained CAIs have group I, 
V, or III REE patterns (fig. S2). The group II pattern is characterized 
by depletion in both the most refractory and the most volatile REEs 
(36). This signature is most consistent with a two-stage evaporation- 
condensation scenario of (i) closed-system, kinetically controlled 
evaporation of nebular dust, followed by (ii) vapor-solid separation, 
i.e., removal of an earlier ultrarefractory-REE host phase (e.g., hibonite), 
and condensation of the residual vapor (60, 61). Although Sossi 
et  al. (21) also observed 51V values close to bulk chondrites in 
coarse-grained CAIs and negative 51V values in fine-grained CAIs, 
they ruled out the possibility of a kinetic control on the observed 
variations of V isotopes based on the associated REE patterns. They 
argued that the observed group II REE patterns of fine-grained 
CAIs displaying negative 51V values provide evidence for their 
formation under equilibrium conditions from a gas previously 
depleted in the most refractory REE, “rendering kinetic vanadium 
isotopic fractionation untenable” (21). However, it has been demon-
strated that mass-dependent isotopic variations of Ca (29, 62, 63), 
Ti (30), and Mg and Fe (32), the last two being particularly relevant 
here as they have 50% condensation temperatures roughly similar 
to V and Sr, are actually coupled with group II REE patterns. In 
detail, refractory inclusions with group II REE patterns tend to have 
lighter isotope compositions compared to those with group I REE 
patterns, implying kinetically controlled volatility fractionation during 
condensation of CAIs with group II REE patterns, after isolation of 
the ultrarefractory phase via partial evaporation (30, 61). In light of 
the arguments presented here for the observed 51V-88Sr correlation 
originating from kinetic isotope fractionation during evaporation 
and condensation, we suggest that light V isotope signatures associ-
ated with group II patterns in this study and Sossi et al. (21) are also 
most consistent with kinetic fractionation of V isotopes during 
condensation.

Coarse-grained CAIs investigated here have flat chondrite- 
normalized REE abundances (group I, V), except for notable depletions 
in the two most volatile REEs europium (Eu) and ytterbium (Yb) 
for three of five CAIs (group III; fig. S2). The group I, V REE 
patterns are most compatible with nearly complete condensation 

from a gas of nebular composition (30). Although CAIs with flat 
REE patterns tend not to have Ti mass fractionation effects (30), 
likely because Ti and REE condensed completely, or nearly so, into 
CAIs, V and Sr are less refractory than Ti [T50 ~ 1582 K; (33)] and 
so complete condensation of Ti does not imply complete condensa-
tion of V and Sr. This conclusion is supported by the fact that CAIs 
with flat REE patterns also have mass fractionation effects associated 
with evaporation events for elements with condensation tempera-
tures close to V and Sr [e.g., Ni, Mg, and Fe; (28, 32)]. Depletions in 
the most volatile elements in the group III pattern can be produced 
either in the case where the condensate was isolated from the gas 
before condensation of the more volatile elements or by distillation, 
whereby a CAI with a chondritic pattern is heated until the more 
volatile elements are evaporated. We favor this second scenario for 
the two coarse-grained CAIs 3529 and 75, for which the V-Sr 
isotope compositions are heavier than the chondritic composition 
and therefore inevitably require partial evaporation. Overall, the 
mass-dependent isotope compositions of our CAIs (i.e., V and Sr) 
are consistent with expectations from their REE patterns, both likely 
reflecting the fact that these samples or their precursor materials 
experienced multiple thermal events associated with kinetically 
controlled volatility fractionation.

Evaporation/condensation histories of CAIs
The approach adopted here to reproduce the V-Sr isotope compo-
sition of fine- and coarse-grained CAIs relies on a simplifying 
assumption that a single set of evaporation/condensation conditions 
can be used to explain the entire 51V-88Sr trend. This assumption may, 
however, be at odds with the suggestion that the physicochemical 
conditions of evaporation/condensation were different between 
fine-grained CAIs (which basically are partial condensates) and 
coarse-grained CAIs (which have undergone melting and evapora-
tion). For instance, notable W and Mo depletions in coarse-grained 
CAIs (mainly group I) have been used to argue that the oxygen fu-
gacity during evaporation could have been markedly higher than 
that of the protosolar nebula (58). This indicates that the nature of 
the stable gas species of V and Sr could have differed during the 
condensation/evaporation processes involved in the formation of 
CAIs, therefore precluding the use of a single fractionation factor. 
Potential differences in the local conditions [e.g., partial pressure of 
the V and Sr gas species and surface properties of the solid (conden-
sation) or liquid (evaporation)] could further complicate the descrip-
tion of the kinetic processes invoked here. However, the observation 
that all coarse-grained CAIs (groups III and I, V) and one fine-grained 
CAI (group II) fall on a single correlation line (Fig. 1) suggests that 
despite potential variations in the physicochemical conditions of 
the gas phase (including oxygen fugacity), the dominant stable gas 
species of V and Sr remained roughly constant over the entire 
condensation/evaporation history of CAIs. A fundamental expecta-
tion from partial evaporation/condensation is that the 51V should 
covary with V concentration, which, as already noted by Sossi et al. 
(21), is not observed in coarse-grained or fine-grained CAIs 
(Supplementary Materials). This could potentially imply that the 
CAIs did not initially originate from a homogeneous reservoir with 
respect to V. An alternative explanation is that V concentrations 
greatly vary across different CAI minerals such that different fragments 
of the same CAI (primarily coarse-grained) may exhibit variable 
bulk V concentrations depending on their dominant mineralogy. 
Future investigations of the distribution of V in different mineral 
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assemblages of CAIs have the potential to tackle this question and 
potentially document the extent of V heterogeneity in the CAI-forming 
region(s) of the PPD.

Additional CAI data may ultimately reveal the existence of 
different slopes in the observed 51V-88Sr correlation, which are not 
resolvable at the present level of precision and/or with the available 
data. For instance, we cannot exclude the possibility that fine-grained 
CAI03 plots on a distinct 51V-88Sr correlation line than coarse-
grained CAIs (Fig. 5); if we define the 51V-88Sr correlation using 
only the coarse-grained CAIs, then the correlation line narrowly 
fails to match the composition of CAI03. This therefore leaves the 
possibility for all group II CAIs (i.e., CAI01, CAI02, and CAI03) to 
have had an initial (i.e., before 88Sr disruption by aqueous alter-
ation processes) 51V-88Sr composition that did not plot on the 
exact same 51V-88Sr correlation as non–group II CAIs. Such a 
possibility could reflect the fact that group II and non–group II CAIs 
experienced distinct evaporation-condensation histories (60,  61), 
with group II CAIs having condensed from a gas already fractionated 
by condensation of perovskite ± hibonite (37). In this framework, it 
is likely that the correlation line through coarse-grained CAIs 
(Fig. 5) mainly reflects kinetic isotope fractionation during evapo-
ration. More data are, however, required to test such hypothesis. 
Future investigations of 51V-88Sr systematics in CAIs have the 
potential to further constrain (i) the proportions and relative 
volatilities of the dominant stable gas species of V and Sr in the 
protosolar nebula, as well as (ii) potential differences between the 
condensation/evaporation histories of group II (fine-grained) and 
non–group II (coarse-grained) CAIs. However, the fact that they all 

plot on a single correlation line invariably indicates that negligible, 
if any, 51V variability could have been generated by irradiation 
processes. For the rest of the discussion, we note that excluding 
CAI03 from the correlation line would make the maximum effect of 
50V production by irradiation processes even smaller (~0.07‰) 
than considered here (~0.2‰), therefore further strengthening our 
conclusion that in situ irradiation of coarse-grained CV CAIs by 
SCR was extremely limited or nonexistent.

10Be-10B systematics in CAIs
Anomalously high 10Be/9Be0 in CV chondrite CAIs [on the order 
of ~7 × 10−3; (21) and this study] appear to be systematically com-
puted from 10Be-10B isochrons associated with high MSWD values 
and very limited ranges of 9Be/11B [only up to 9Be/11B = 1.5 and 0.23 
for Sossi et al. (21) and this study, respectively]. This implies that 
the exact levels of 10Be in these samples are difficult to quantify with 
confidence (38). Given that Be [T50 = 1452 K (33)] is much more 
refractory than B [T50 = 908 K (33)), such low 9Be/11B values [corre-
sponding to B concentrations >200 ng/g (21)] are unlikely to reflect 
the pristine composition of CAIs and would most likely reflect 
sample contamination by B of secondary origin. This contamination 
could potentially occur (i) on the meteorite parent body by mobili-
zation of B from the chondritic matrix into the CAI during parent 
body aqueous alteration, (ii) during terrestrial weathering, and/or 
(iii) during sample preparation, such as cutting or polishing. The 
slope of an isochron defined over a restricted range of 9Be/11B values 
becomes particularly sensitive to the 10B/11B ratio of the analysis 
with the lowest 9Be/11B, which can be analyzed with the highest 
precision. In many cases, sample contamination by B of secondary 
origin would cause the slope of the associated isochrons to increase, 
given that the initial 10B/11B of CAIs often are higher than both bulk 
chondrite and terrestrial B, hence leading to overestimations of 
10Be/9Be0 (38). Dunham et al. (38) also pointed out that cosmic ray 
interaction with meteorite parent bodies can induce spallation of O 
nuclei, resulting in the production of cosmogenic B, which would 
further increase the slope of 10Be-10B isochrons and therefore repre-
sent another potential source of 10Be/9Be0 overestimation. However, 
all the aforementioned processes will be essentially muted for 
isochrons that include large ranges of 9Be/11B, which is consistent 
with the essentially invariant 10Be/9Be0 (~8 × 10−4 within uncertainty; 
fig. S10) found in CV chondrite CAIs with high 9Be/11B and statis-
tically significant 10Be-10B isochrons [e.g., (5–10, 13)]. It is worth 
noting that 10Be/9Be0 values ranging from normal CV3 CAI-like 
ratios up to (104 ± 16) × 10−4 have been suggested for CAIs from 
CB/CH chondrites, with 9Be/11B ≥ 10 (64, 65). On the basis of the 
observation that, irrespective of their (10Be/9Be)0 values, CH/CB 
chondrite CAIs invariably display chondritic-like Li isotope ratios, 
Fukuda et al. (65) argued that 10Be excesses in CH/CB chondrite 
CAIs are most compatible with irradiation of nebular gas before 
CAI condensation. However, these isochrons remain associated with 
high MSWD (38), which renders quantification of the corresponding 
10Be excesses uncertain. Recently, Fukuda et al. (66) found 10Be/9Be0 
up to (29 ± 6) × 10−4 (max 9Be/11B ~ 300) for melilite grains in CO 
chondrite CAIs with canonical (26Al/27Al)0. The authors suggest 
that higher 10Be/9Be0 in CO CAIs relative to CV CAIs could reflect 
a heterogeneous distribution of 10Be in the nascent Solar System, 
with CO CAIs having potentially formed closer to the Sun (where 
10Be was produced more efficiently) than CV CAIs. Understanding 
the origin and distribution of 10Be in the early Solar System and 

5

4

3

2

1

0

1

5 4 3 2 1 0 1 2

51
V

 (
‰

)

88Sr (‰)

Chondrites

a
b

Evaporatio
n

Aqueous alteration

Fig. 5. 51V and 88Sr isotopic composition of fine- and coarse-grained CAIs 
(represented by red diamonds and blue circles, respectively). The black dashed 
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due to partial equilibration of the 88Sr with aqueous fluids of chondritic composition 
[i.e., 88Sr = 0.2‰; (40, 41)].
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establishing whether or not CV CAIs can be considered as repre-
sentative of the entire CAI population will require additional 
investigation of Be-B systematics of CAIs from various types of 
chondrites.

V isotope constraints on CAI records of solar irradiation
Here, we use the V isotopic composition of CAIs together with their 
initial 10Be abundances to quantify irradiation conditions in the 
early Solar System, in light of our assertion that V isotopes in CAIs 
record no detectable evidence of irradiation. We model the irradia-
tive production of 10Be and 50V using the thin target approximation, 
whereby the number of atoms of any isotope produced by irradia-
tion depends on three unknown parameters: (i) the concentration 
of the target nuclei (i.e., the chemical composition for the target 
material), (ii) the spectral slope (p), which quantifies the relative 
abundance of high- and low-energy protons [low-p and high-p 
events corresponding to gradual (p ~ 2.7) and impulsive (p ~ 3.5) 
flares, respectively (3, 20)], and (iii) the total fluence above 10 MeV 
experienced by the target (F10) [e.g., (21)]. Cross sections for reac-
tions of 10Be and 50V production by irradiation in the early Solar 
System (Supplementary Materials) were taken from Sisterson et al. 
(67) and calculated using the TALYS code (68), respectively, before 
being implemented into a Matlab code based on Liu and McKeegan 
(69) and Liu et al. (70).

At a given p value (which hence indicates the type of flare), 
expected 50V anomalies and 10Be/9Be0 values increase together as a 
function of F10. Because of energy loss when charged particles 
penetrated the gas phase of the PPD, the total particle flux decreases 
and the energy spectrum becomes shallower with increasing helio-
centric distance. To evaluate the maximum degree of cosmogenic 
50V production that could be produced by in situ irradiation, we 
assume no energy loss (i.e., no “stopping”), which equals to consider-
ing the full irradiation power from the proto-Sun. If stopping were 
considered, then the extent of V isotope anomaly produced by CAI 
irradiation should be even smaller than considered here, therefore 
reinforcing our conclusions. We also note that the flux of energetic 
protons from the proto-Sun—here taken from Gounelle et al. (3) 
and Lee et  al. (20), who considered the x-ray luminosity emitted 
from a solar mass protostar—is associated with a large systematic 
uncertainty. Because the flux of energetic protons and time of 
irradiation together control the modeled dose of irradiation seen by 
CAIs, inherent uncertainties associated with particle flux estimates 
may imply that quantitative constraints on the dose and duration 
of CAI irradiation may not be taken at face value. Nonetheless, 
because our work builds upon previous work from Gounelle et al. (3), 
Lee et al. (20), and Sossi et al. (21), direct comparison of our results 
with outcomes from these previous studies is, however, justified.

Previously, Gounelle et al. (3) demonstrated that irradiation 
of proto-CAIs (all considered to have similar target abundances) in 
the framework of the X-wind model should produce 50V enrichments 
corresponding to 51V  =  −3.4 to −7.1‰, with a best-estimate 
prediction of −4.5‰. In Sossi et al. (21), different combinations of 
p and F10 values were required to explain V isotope anomalies 
across CAIs that yet pertained to the same 10Be-10B isochron. Here, 
we compute the expected V isotopic compositions and initial 10Be 
abundances of CAIs that are irradiated by gradual (p  =  2.7) or 
impulsive (p = 3.5) flares at variable distances from the proto-Sun 
(0.02, 0.1, 0.5, and 1 AU). The relative abundances of target ele-
ments for the irradiative production of 10Be (16O) and 50V (50Ti, 

52Cr, 48Ti, 49Ti, 50Ti, and 51V) are adjusted by considering either (i) 
a proto-CAI in situ irradiation scenario, where we take the chemical 
compositions of the CAIs analyzed in this study, or (ii) a solar gas 
irradiation scenario, where we consider the bulk composition of CI 
chondrites to be representative of the nebular gas abundances. Iron 
(specifically 56Fe) represents a potentially important (34, 49) and 
previously overlooked (21) target for the production of V. One 
difficulty here is, however, that a substantial fraction of the Fe now 
present in CAIs is of secondary origin, and so, the present-day 
concentrations of Fe cannot be used to model the irradiative 
production of V isotopes in CAIs. For conservative purposes, we 
consider 50V production from 56Fe only for the solar gas irradiation 
scenario, which means that CAI irradiation calculations represent 
minimum predicted V isotope anomalies.

First, we compute the expected durations of irradiation and V 
isotope compositions of proto-CAIs, assuming that all of their 
excess 10Be originates from in situ irradiation at ~0.1 AU in the 
PPD. V isotope variations are expressed as ∆51V = 51V − 51Vinit 
(‰), corresponding to 51V deviations relative to its starting 
composition (51Vinit). We find that, depending on their chemical 
compositions, some CAIs require a threefold longer duration of 
irradiation than others to reach similar 10Be/9Be0 ~ 8 × 10−4 (e.g., 
900 years versus 300 years; Fig. 6). As a result, the homogeneous 
levels of 10Be excess in CAIs would have to be coincidental. An 
alternative possibility could be that the Be isotope compositions of 
the coarse-grained CAIs were reset by exchange with the surrounding 
gas during the evaporation process that affected V isotopes. However, 
a selective re-equilibration of Be (and not V) isotopes is unlikely 
given the similar volatilities of these two elements (33). The fact that 
all six CAIs define a linear 51V-88Sr correlation (within ±0.2‰ 

A

51

51

0
8

B

Fig. 6. Three-dimensional (3D) diagram of the trajectories of proto-CAIs, in 
10Be/9Be, 51V = 51V − 51Vinit (‰), and time (years) space, in the case of in 
situ irradiation at 0.1 AU. Irradiation by gradual and impulsive flares is shown 
in panel (A) and panel (B), respectively. The difference trajectories of CAIs, which all 
reach the canonical 10Be/9Be of ~8 × 10−4 (black dots), are controlled by their dis-
tinct abundances of target elements for cosmogenic production (Supplementary 
Materials). Note that all of these six CAIs plot on the 51V versus 88Sr correlation 
line (Fig. 1). The permissible range of 51V variation (~0.2‰) is represented by the 
gray area. Dashed arrows show the general direction of 10Be and 50V irradiative 
production. 2D projections of (A) and (B) are provided in the Supplementary Materials 
to facilitate readability.
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uncertainty) implies that irradiation processes can account for a 
maximum of 0.2 ∆51V units throughout the condensation-evaporation 
history of each CAI. Our simulations, however, demonstrate that V 
isotope heterogeneities of at least 2‰ (here, we say “at least” as this 
ignores potential 50V production with isotopes of Fe as a target) 
should be generated to reach 10Be/9Be0 ~ 8 × 10−4 via in situ irradi-
ation of proto-CAIs by gradual flares (Fig. 6). In line with previous 
findings (3, 21), these anomalies would be even greater (~10‰) in 
the case of impulsive flares (Fig. 6). Accounting for 10Be abundances 
in CAIs by in situ irradiation therefore results in large discrepancies 
between the observed and calculated V isotope compositions of the 
proto-CAIs. Together, these observations firmly rule out in situ 
irradiation of proto-CAIs at the inner edge of the PPD as a likely 
origin for 10Be excesses in CV CAIs.

The homogeneous levels of 10Be excess associated with statistically 
meaningful 10Be-10B isochrons in CV CAIs (38) could potentially be 
consistent with CAIs condensing from nebular gas that had been 
previously enriched in 10Be [and other short-lived radionuclides 
such as 26Al, 41Ca, and 53Mn (71)] via SCR irradiation (13). This 
process of 10Be production at the surface of the PPD could have 
taken place at disk radii >0.1 AU and up to 1 AU (72), suggesting 
that CAI formation could have occurred at much greater distances 
than previously considered. Here, we compute the maximum 10Be 
excesses that could have been produced by irradiation of nebular 
gas without generating ∆51V greater than 0.2‰ (Fig. 7). We find 
that this V isotope constraint would systematically require 
10Be-10B0 ≤ 1 × 10−4, which is about one order of magnitude lower 
than observed in CAIs. Unlike for the scenario of in situ irradiation, 
there is a possibility here that all CAIs found today in meteorites 
inherited homogeneous levels of 10Be excess during condensation. 
We therefore also computed the expected V isotope compositions 
of CAIs, assuming that all of their excess 10Be originates from 
irradiation of nebular gas before their condensation. Our results show 
that generating 10Be/9Be0 ~ 8 × 10−4 by SCR irradiation of nebular 
gas would produce 51V about 1.5‰ and 4.0‰ lighter than the 
starting composition of the gas, for gradual and impulsive flares, 
respectively, on time scales that mainly depend on the heliocentric 
distance of the irradiation (Fig. 7). Hence, according to this scenario, 
the starting V isotope composition of proto-CAIs should have been 
lighter than the chondritic value by at least 1.5‰ (considering 
gradual flares). While this would slightly modify the linear functions 
presented in Table 1 [e.g., the f (V) − f (Sr) relationship for V and Sr 
during condensation would become f (V) = 0.7246 × f (Sr) + 0.2757], 
this scenario cannot be ruled out as long as all proto-CAIs inherit 
identical 10Be and 50V anomalies upon formation. This may require 
efficient mixing and homogenization of the nebular gas by turbulent 
diffusion and gravitational instabilities, which both can rapidly 
homogenize short-lived radionuclides within disks on time scales 
of less than 105 years [e.g., (73)], comparable to the time scales 
required for 10Be production in the nebular gas at ~1 AU (Fig. 7B).

The observation of homogeneous levels of 10Be excess (38) is also 
potentially consistent with an interstellar origin of 10Be in CAIs, 
which could have been produced via interaction between energetic 
protons of GCRs and C-N-O nuclei (11, 12). CAIs with fractionation 
and unidentified nuclear effects (FUN CAIs) appear to have initially 
contained 10Be/9Be at the level of (3 to 5) × 10−4 [e.g., (7, 9, 70)], 
similar to the inferred 10Be/9Be0 of (5.1 ± 1.4) × 10−4 in 26Al-free 
platy hibonite crystals (PLACs) (74, 75). Potentially higher 10Be/9Be0 
in canonical CV3 CAIs (~8 × 10−4) could potentially reflect the 

addition of protosolar nebula spallogenesis to a baseline level inherited 
from the protosolar molecular cloud and best represented by FUN 
CAIs (9, 12, 70). This scenario may be in line with models of 10Be 
production by nebular gas irradiation by SCRs at the surface of the 
PPD, which predict that the 10Be/9Be of the gas phase at the CAI 
condensation front would increase with time, hence potentially 
explaining the reduced values in presumably early (before 26Al 
injection) generations of CAIs relative to later (after 26Al injection) 
generations (72).

Cosmolocation of the CAI factory
The vast majority of CAIs formed 4567.2 ± 0.2 Ma ago, over a period 
of ~40,000 to 200,000 years (17–19, 76), possibly while the Sun 
was in transition from the protostellar into a pre–main sequence 
(T Tauri) phase of star formation (77). The 26Al/27Al systematics of 
bulk CAIs suggests that the formation of 26Al-rich refractory inclu-
sions was a punctuated and recurrent process, possibly associated 
with episodic flare-ups, in the form of FU-Orionis and EX-Lupi 
outbursts [e.g., (61, 78, 79)). Larsen et al. (80) proposed that CV 
CAIs could have formed on the time scale of <8000 years via chemical 
processing of 26Al-rich presolar carriers in a hot zone proximal to 
the proto-Sun (<0.1 AU). In analogy to the X-wind model for 10Be 
and other short-lived radionuclides (3, 20), proto-CAIs would then 
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Fig. 7. 3D diagram of the trajectories of nebular gas composition in 10Be/9Be, 
51V (‰), and time (years) space, in the case of irradiation at 0.02, 0.1, 0.5, 
and 1.0 AU by gradual and impulsive flares. (A) Expected 10Be/9Be variations 
associated with ∆51V values of ~−0.2‰ (black dots). (B) Expected 51V variations 
associated with a canonical 10Be/9Be of ~8 × 10−4 (black dots). 2D projections of (A) 
and (B) are provided in the Supplementary Materials to facilitate readability.
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be extracted from the inner edge of the disk and propelled above the 
disk’s midplane by magnetocentrifugal outflows before raining 
back on the disk at chondrite-forming heliocentric distances [e.g., 
(81)]. Here, V isotope systematics offer a unique opportunity to test 
the likelihood of this model by bringing constraints on the maximum 
duration that proto-CAIs could have spent at the inner edge of the 
disk before generating V isotope anomalies that exceed the 0.2‰ 
maximum variability permitted by the 51V-88Sr correlation (Fig. 1). 
On the basis of the concentrations of the target nuclei measured for 
each of the six CAIs plotting on the 51V-88Sr correlation, we com-
pute the evolution of V isotope compositions as a function of time 
for proto-CAIs at 0.02 or 0.1 AU in the case of gradual or impulsive 
flares (Fig. 8). We find that, in the case of gradual flares, 50 years is 
the maximum duration of exposure that these CAIs could have 
spent within 0.1 AU of the proto-Sun before V isotope heterogeneities 
greater than 0.2‰ should be observed among the CAIs analyzed in 
this study. Observations of the Orion nebula star cluster in the 
framework of the Chandra Orion Ultradeep Project suggest that 
YSOs may spend ~10 to 20% of their time in flare activity [e.g., (1)]. 
Taken at face value, these numbers suggest an upper limit of 
~500 years for the residence time of each CAI at <0.1 AU from the 
proto-Sun, which is over one order of magnitude shorter than the 
lifetime of proto-CAIs as inferred from 26Al/27Al systematics (80). 
In other words, if CAIs formed <0.1 AU from the proto-Sun, then 
each individual CAI must have been transported very rapidly 
outward (i.e., within 500 years) after initial condensation, while at 
the same time more CAIs continued being formed in the CAI-forming 
region, within 0.1 AU.

Taking these considerations together with the absence of evidence 
for in situ irradiation of CAIs at the inner edge of the Solar System 
(as argued in this contribution), we propose that CAIs most likely 
formed at greater heliocentric distances in the PPD (>0.1 AU) 
during the early phases of molecular cloud infall and Solar System 
buildup. A growing number of observational and theoretical studies 
indicate that newborn PPDs form compact objects whereby presolar 
material infalling from the deeper envelopes of the parental molecular 
cloud is supplied close to the protostar and is readily vaporized 
(26, 82–84). Concurrently with this injection, the disk expands 
outward by viscous spreading: the high-temperature nebular gas 
thus progressively cools down, allowing condensation to occur up 
to 1 to 2 AU from the proto-Sun (Fig. 9) (26, 47, 84). The fraction of 

CAIs that is hence transported to the outer Solar System and not 
accreted to the central star would decrease through time as the disk 
expands, with the earliest formed CAIs ultimately dominating the 
outermost regions of the PPD (26). Such a model, where the greater 
heliocentric distance of CAI formation limits the amount of time 
during which CAIs could have been exposed to inner Solar System 
irradiation (Fig. 9), appears consistent with the absence of detectable 
irradiation-related V isotope anomalies in CAIs. Furthermore, this 
scenario relaxes the need for a mechanism of strong outward trans-
port of CAIs during the lifetime of the PPD (e.g., stellar outflows), 
which would essentially occur simultaneously with CAI formation 
itself. The formation of CAIs from a unique reservoir associated 
with the earliest stages of molecular cloud material infall is also 
consistent with the fact that oxygen isotope systematics are similar 
in inner and outer Solar System CAIs, indicating derivation from a 
common source reservoir in the early PPD evolution (85). Whether 
or not bipolar outflows propelled by disk—and not stellar—magnetic 
fields [e.g., (86)], which could potentially sample material from as 
far out as 1 AU, played a role in the outward transport of CAIs 
remains open to discussion. Models of CAI formation during FU- 
and EX-outbursts or similar events could allow CAI formation out 
to at least 1 AU [e.g., (79)].

Other records of irradiation in CAIs have been suggested in the 
literature. Weakly correlated variations of 9Be/6Li and 7Li/6Li in CV 
CAIs have, for instance, been proposed to reflect the in situ decay of 
cosmogenic 7Be [T1/2 = 53 days; (8, 87)]. Whether or not potential 
7Li excesses in CAIs can be interpreted in terms of early Solar 
System irradiation has, however, been called into question due to 
the extremely short half-life of 7Be and complex geochemical be-
havior of Li [e.g., (88)], and the question still remains open to 
debate. Cosmogenic noble gases in CAIs constitute another potential 
tracer of in situ irradiation (i.e., no inheritance from the time of 
condensation). Helium and neon excesses recently measured in 
PLACs were interpreted to record low temperature irradiation at a 
considerable distance from the proto-Sun (89), which appears con-
sistent with the early transport of CAIs to the outer Solar System 
and their limited exposure to irradiation conditions prevailing at 
the inner edge of the PPD. Proton fluences required to produce the 
observed cosmogenic noble gas abundances in PLACs were deemed 
insufficient to explain the corresponding 10Be/9Be ratios, further 
indicating that part of 10Be in CV CAIs was generated before their 
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in situ exposure to solar particles (89). However, whether or not CV 
CAIs can be considered as representative of the entire CAI population 
remains to be seen. To this extent, combining V-Sr isotope and 
Be-B systematics in CAIs from various types of chondrites consti-
tutes a promising avenue to further constrain fossil records of in 
situ irradiation in meteorites [e.g., 10Be excesses relative to CV CAIs 
(64–66)] and elucidate on the origin and distribution of 10Be in the 
early Solar System.

MATERIALS AND METHODS
V and Sr isotope measurements
Splits of 5 to 15 mg of CAI fragments for V and Sr isotope analyses 
(CAIs 08, 30, 65, 75, and 3529) were handpicked under a binocular 
microscope where great care was taken to select the most pristine 
fragments and avoid including matrix material. After handpicking, 
fragments were directly digested without powdering using double- 
distilled concentrated HF, HNO3, and HCl. Insoluble phases 
(fluorides and refractory minerals like spinel) were further digested 
in concentrated nitric acid in an Anton Parr high-pressure asher 
at ~110 bar and 260°C. All samples were fully digested using the 
above-described method with no solid residue remaining. Vanadium 
was separated from the sample matrix using a four-step cation/anion 
exchange chromatography procedure described in detail elsewhere 
(48, 92). Briefly, the method comprises one cation exchange resin 

column in 1 M HNO3, followed by three anion exchange resin 
columns where V is bound to the resin by complexation with H2O2 
(92). Throughout the study, chemical yields were >90% by comparing 
the amount of V initially loaded onto the first column with the 
amount recovered for isotope measurement. We furthermore moni-
tored losses of V with an iCAP ICPMS (inductively coupled plasma mass 
spectrometer) instrument by checking that column eluents did not 
contain any significant V (<1% of V loaded). Blanks were monitored 
with each batch of samples and were always <2 ng, which is insignificant 
compared with the >1000-ng V processed for each sample.

Vanadium isotope ratios were measured using a Neptune multiple- 
collector ICPMS, located at the Plasma Mass Spectrometry Facility 
of the Woods Hole Oceanographic Institution (WHOI). Isotope 
compositions were determined using standard sample bracketing 
with the Alfa Aesar reference solution that is defined as 51V = 0‰ 
(92). Each unknown sample was interspersed with a pure V reference 
solution from BDH Chemicals that has now been measured in nine 
separate studies with the indistinguishable 51V = −1.18 ± 0.02‰ 
(2SE) (21, 34, 48, 92–97). The mass spectrometer was operated in 
medium resolution mode. To quantify and correct for isobaric 
interferences of 50Ti and 50Cr on 50V, the masses 48Ti, 49Ti, 52Cr, and 
53Cr were monitored and a mass bias correction routine using 
49Ti/50Ti and 53Cr/50Cr ratios was applied (93, 98). Mass 51V was 
collected using a Faraday cup equipped with a 1010 ohm resistor, 
whereas Faraday cups with conventional 1011 ohm resistors were 
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used to collect all other masses. Samples and standards were 
measured at a concentration of 800 ng/ml V, which produced an 
ion beam of ~2 nA on 51V and ~0.005 nA on 50V. Precision and 
accuracy of the V isotope measurements were assessed by measuring 
the BDH standard throughout the study (covering the period from 
April 2018 to January 2019) and by processing U.S. Geological 
Survey (USGS) reference materials AGV-2, BHVO-2, and BCR-2 
with every batch of unknown samples. These reference materials 
have previously been analyzed by different laboratories (48). The 
resulting mean 51V values for AGV-2, BHVO-2, and BCR-2 for the 
analytical period of the CAI measurements were  −0.79  ±  0.12‰ 
(2SD; n  =  11), −0.87  ±  0.14‰ (2SD; n  =  4), and  −0.81  ±  0.08‰ 
(2SD; n  =  10), respectively, which is in excellent agreement with 
previous studies (43, 48, 93, 99, 100). These external errors are similar 
to those obtained for the CAIs here, which exhibit 2SD ranging 
from 0.06 to 0.24‰ (table S2).

Elemental concentrations were determined for a subset of the 
samples using a ThermoFinnigan iCAP quadrupole ICPMS, located 
at the WHOI Plasma Mass Spectrometry Facility. Concentrations 
were calculated via reference to ion beam intensities obtained from 
a five-point calibration curve constructed from serial dilutions of a 
gravimetrically prepared multi-element standard; drift was monitored 
and corrected via normalization to indium intensities. Accuracy 
and precision were better than ±7% (2SE) based on the correspon-
dence of concentrations in USGS reference materials AGV-2, BCR-2, 
and BHVO-2 determined during the same analytical sessions as 
the CAIs.

Strontium separation and mass spectrometry closely follows the 
methods outlined by Charlier et al. (101). In brief, each sample was 
separated in two aliquots, one of which was optimally spiked with 
84Sr-87Sr double-spike and the other left unspiked. From this point, 
the double-spike and natural aliquots were processed independently. 
For radiogenic Sr measurements in CAIs 01, 02, and 03, this corre-
sponds to 33.2, 5.8, and 23 mg, respectively, and to 10, 4.3, and 
15.5 mg, respectively, for double-spike measurements. Separation 
of Sr was undertaken using custom-made 2-ml Teflon columns and 
Sr spec resin closely following the procedure outlined by Deniel and 
Pin (102). Column yields were consistently high, 90% or higher. 
Purified Sr fractions were loaded onto outgassed Re filaments along 
with a TaF5 activator ready for analysis by thermal ionization mass 
spectrometry (TIMS) with a Thermo Scientific TRITON at the University 
of Durham. The interference of 87Rb on 87Sr is corrected for using 
measured 85Sr signals and assuming a ratio of 87Rb/85Rb = 0.385041.

Fractionation induced by the column is taken into account with 
the instrumental mass fractionation during the deconvolution of both 
spiked and natural (unspiked) measurements and solved in 87Sr denomi-
nator space using a Newton-Raphson iterative technique (103). The 
average value of the international Sr carbonate standard NBS 987 
over the course of this study was 87Sr/86Sr = 0.7102385 ± 0.0000068 
[2SD; n = 26; ±9.5 parts per million (ppm)]. Independent dissolu-
tions and measurements of the USGS rock standard BHVO-1 basalt 
yield an average of 88Sr = 0.268 ± 0.009‰ (2 SD; n = 5), which 
equates to an external precision of ±9.5 ppm. Total procedural 
blanks were routinely less than 20 pg, which is negligible (<0.02%) 
for all the samples analyzed here.

Be-B measurements
Boron isotope ratios were determined by SIMS using a Cameca 
ims1280 ion microprobe at the North-Eastern National Ion Microprobe 

Facility at the WHOI in two sessions in January and February 2016, 
following the method described by Marschall and Monteleone 
(104). Yet, the analytical details are, in part, repeated and specified 
here in some detail, because the ranges of B concentration of the 
CAI minerals investigated here (~0.26 to 120 ng/g) are one to three 
orders of magnitude lower than those in the Mid-Ocean Ridge 
Basalt glasses described in that study (~400 to 2500 ng/g). Also, the 
setup used here for the CAI minerals included the analysis 9Be. The 
parameters for B isotope analyses were as follows: 40-nA, 22-keV 
16O primary ion beam; 10-kV secondary acceleration voltage; ±40-eV 
energy window without offset; and secondary ion detection by a 
single- electron multiplier in counting mode (electronically set dead 
time  = 28 ns).

A 75 m × 75 m raster was applied during presputtering to 
remove the gold layer and to reduce surface contamination. 
Presputtering lasted for 300 s. Before each measurement, mass 
calibration of 9Be+, 10B+, and 11B+ was performed, and fine-tuning 
of the secondary column deflectors, stigmators, and lenses was done 
manually to maximize the signal of 28Si2+ (except for spinel) on the 
electron multiplier, thereby maintaining maximum transmission 
throughout the session. A 2000 m × 2000 m field aperture was 
used to exclude the edge of the secondary beam, again reducing the 
influence of surface contamination (104, 105). The analyses were 
performed using a rastered area of 50 m × 50 m in the center of 
the larger presputtered area.

Forty cycles were measured per analysis for the reference glasses. 
One hundred cycles were measured in most sample analyses, except 
where boron contents were high and the number of cycles was 
reduced to 40 to 84. On one spot, 248 cycles were measured to 
evaluate possible down-hole analytical drift, which was found to be 
insignificant. During each cycle, masses were switched between 
9Be+, 10B+, and 11B+. The integration times per cycle were 3.04, 20, 
and 10 s, respectively. The mass resolution m/∆m was set to ~1250 at 
10% intensity ratio, which is sufficient to remove possible molecular 
interferences [e.g., (106)]. The total time required for one 100-cycle 
analysis was 55 min. The raw count rates were corrected for both 
the multiplier deadtime and for the slow changes in secondary ion 
intensity over the course of a single measurement (i.e., time inter-
polation). The latter was done by averaging respective counts of 9Be 
and 10B from two subsequent cycles and calculating the 9Be/11B and 
10B/11B ratios by dividing the count rates of the intermediate 11B 
measurement by that average. Each analysis consisting of n analyti-
cal cycles, therefore, produced n − 1 isotope ratios. The count rates 
were also corrected for the machine background of 0.086 s−1, which 
was determined by analyzing mass 9.7 on silica glass Hersasil-102 
with a total integration time of 91 min. This correction is important 
for CAI minerals, where the background-corrected count rates for 
10B (the isotope with the lowest count rate) were between 0.24 and 
46 s−1 (0.26 to 120 ng/g B).

Last, the n − 1 calculated isotope ratios of each analysis were 
filtered for statistical outliers >3. Isotope ratios calculated from 
averaging a number of ratios collected over the course of a single 
analysis are positively biased, if the arithmetic mean of the count 
rate ratios is taken (107). This bias was avoided in this study by 
using the geometric mean of the n − 1 isotope ratios (note that the 
geometric SD is always smaller than the arithmetic SD). Beryllium 
and B concentrations were estimated from 9Be+ and 11B+ count 
rates relative to the respective count rates during analysis of the 
glass reference materials corrected for the relative intensities of the 
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primary beam. Additional details about our analytical procedure 
are presented in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg8329
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