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S1) Sample description

Sample Smithsonian Host meteorite Texture REE
name nomenclature group
CAI75 USNM 3507-75 Allende (CV3)  coarse-grained 1l

CAI3529 USNM 3529-42 Allende (CV3)  coarse-grained I
CAIl65 USNM 3507-65 Allende (CV3)  coarse-grained l,V
CAIO8 USNM 3507-8 Allende (CV3)  coarse-grained l,V
CAI30 USNM 3507-30 Allende (CV3) coarse-grained 1l
CAIO1 - Allende (CV3) fine-grained I
CAIO02 - Allende (CV3) fine-grained I
CAIO3 - Allende (CV3) fine-grained I

Table $1. Sample description. Backscattered electron images of CAI3529, CAI30, CAI08, CAI75, and
CAIG5 are reported in Figure S1.

Description of CAls from the Smithsonian museum:

USNM 3507-8: Back-scatted electron image (Fig. S1-a1, a2) and Ca-Al-Mg element map
(lower) of USNM 3507-8. This CAl is a typical Type B2 inclusion that once was molten, and
consists mainly of melilite (Mel), fassaite pyroxene (Pyx), anorthite (An), and spinel (Sp). In
the element maps, calcium is green, aluminum is blue, and magnesium is red. In this and
subsequent element maps, melilite appears aqua to greenish-blue in color, spinel is pink,
pyroxene is olive-green to brown, and anorthite is medium blue. The matrix (Mtx) is mostly
olivine (red).

USNM 3507-30: Back-scatted electron image (Fig. S1-b1, b2) and Ca-Al-Mg element map
(lower) of USNM 3507-30. This CAl is highly fragmented and is transitional in mineralogy and
composition between a Compact Type A and a Type B. It probably solidified from a melt. The
element map corresponds to the area outlined in red on the BSE image. The inclusion
consists mainly of melilite, fassaite pyroxene, anorthite, and spinel. Abbreviations and
element map colors as in USNM 3507-8, except the areas that are dark blue consist of
secondary minerals such as nepheline and sodalite.

USNM 3507-65: Back-scatted electron image (Fig. S1-c1, c2) and Ca-Al-Mg element map
(lower) of USNM 3507-65. This round CAl is a Type B, and solidified from a melt. The
inclusion consists mainly of melilite, fassaite pyroxene, anorthite, and spinel. Abbreviations
and element map colors are as used previously.

USNM 3507 75: Back-scatted electron image (Fig. S1-d1, d2) and Ca-Al-Mg element map
(lower) of USNM 3507-75. This CAl is a heavily altered Type A; it is not clear if this CAl was
ever molten or not. The inclusion consists mainly of melilite, hibonite (Hib), and spinel.
Abbreviations and element map colors are as used previously except that hibonite is dark
blue and secondary minerals are purplish-blue.

USNM 3529-42 Back-scattered electron image of USNM 3529-29 (Fig. S1-e). The inclusion
is composite. On the right is a lithology that resembles a typical Fluffy Type A inclusion
consisting of melilite with accessory spinel, and which is heavily altered to a fine-grained
mixture of feldspathoids, anorthite, and grossular. The bulk of the CAIl (“Spinel-rich
intergrowth”) is a very dense intergrowth of spinel, melilite, and hibonite; this lithology shows
no secondary alteration. The two lithologies are intergrown at their boundary - this is not an
accidental juxtaposition of two separate objects within the bulk meteorite.



Figure S1: Backscattered electron images of CAIO8 (a1, a2), CAI30 (b1, b2), CAI65 (c1, c2), CAI75
(d1, d2), and CAI3529 (e).



S2) Rare Earth Element patterns
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Figure S2: Rare Earth Element (a) and trace element (b-d) patterns of coarse- and fine-
grained CAls analyzed in this study. Coarse- and fine-grained CAls are reported in blue and
red, respectively. Line styles for panels (c) and (d) are the same as defined in panel (b), with
reference trace element patterns for group |, V (solid line), Ill (dashed line) and Il (dashed
line) CAls (data from Kornacki and Fegley (59)) being reported in black for comparison.
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Li Na Mg Al Ca
CAI30 n.d. 2758 58202 201561 179139
CAI 8 0.869 6653 68888 106400 160322
CAI75 1.235 5064 28786 127997 148894
CAI3529-42 0.849 5912 29808 164486 177988
CAIlB5 0.861 2508 61506 120140 177620
Sc Ti \) Cr Mn
CAI30 164.6 13173 400.7 384.9 109.8
CAI 8 84.7 6347 444 1 979.6 416.2
CAI75 64.7 5256 206.2 207.0 74.5
CAI3529-42 58.6 4464 249.3 269.1 186.1
CAIlB5 82.5 6603 955.8 384.8 61.5
Fe Co Ni Cu Zn
CAI30 13983 16.625 237.5 3.258 272.5
CAI 8 52268 75.342 1489.4 6.543 93.3
CAI75 11148 3.449 71.5 1.874 872.8
CAI3529-42 25797 30.472 666.3 3.320 275.4
CAIlB5 6322 8.674 149.5 1.011 58.8
Rb Sr Y Mo Cd
CAI30 0.755 121.293 31.792 10.063 0.094
CAI 8 2.416 152.195 25.206 n.d. 0.378
CAI75 0.741 99.624 18.620 6.885 0.095
CAI3529-42 0.929 122.592 29.425 2.796 0.124
CAIlB5 0.387 157.316 20.729 4.597 0.099
Cs Ba La Ce Pr
CAI30 0.020 22.142 5.358 13.43 2.36
CAI 8 0.098 52.079 3.486 8.23 1.48
CAI75 0.072 10.330 2.717 6.69 1.29
CAI3529-42 0.049 12.722 4.911 11.65 2.36
CAIlB5 0.011 60.912 3.714 8.96 1.70
Nd Sm Eu Gd Thb
CAI30 10.91 3.70 0.72 4.88 0.89
CAI 8 6.67 2.26 0.86 3.12 0.57
CAI75 6.24 2.27 0.62 3.43 0.63
CAI3529-42 11.27 4.00 0.70 5.05 0.88
CAI65 7.87 2.74 0.95 3.47 0.63
Dy Ho Er Tm Yb
CAI30 6.321 1.428 4.293 0.636 3.084
CAI 8 4.129 1.010 3.355 0.382 2.455
CAI75 4.587 1.010 2.953 0.425 2.030
CAI3529-42 6.116 1.325 3.910 0.574 2.483
CAIlB5 4.376 0.969 2.956 0.445 3.088
Lu TI Pb Th U
CAI30 0.632 n.d. 0.350 0.656 0.209
CAI 8 0.560 0.0069 0.376 0.479 0.050
CAI75 0.406 0.0028 0.243 0.281 0.043
CAI3529-42 0.522 0.0054 0.444 0.332 0.042
CAIlB5 0.446 0.0012 0.316 0.431 0.066

Table S2. iCap measurements of the elemental abundances (in ug/g) of major and rare earth
elements in the CAls analyzed in this study (at WHOI, MA, USA). n.d.: not determined.



CAl 01 CAl 02 CAI-3
Li 0 1.45 212
Na 47264 23631 28277
Mg 101941 86466 84853
Al 125235 152520 68905
P 101 234 243
K 2474 1910 2003
Ca 111384 68009 81844
Sc 18.20 179.20 10.46
Ti 2435 2185 1947
\Y 268 318 198
Cr 1599 1093 1416
Mn 633 579 717
Fe 45396 64603 59676
Ni 564 1670 1709
Cu 4.00 7.99 8.39
Zn 195 759 125
Rb 14.41 6.42 7.61
Sr 64.61 27.04 44 .47
Y 2.03 20.04 2.09
Zr 3.23 8.89 3.62
Mo 0.50 0.46 0.60
Cd 3.44 242 2.43
Ba 5.18 7.29 6.55
Ce 5.74 29.58 3.99
Nd 3.68 36.52 2.36
Hf 0.14 0.27 0.17
w 0.13 0.10 0.13
Re 0.03 0.03 0.04
Pb 0.162 0.58 0.16
Th 0.18 1.54 0.10
u 0.01 0.01 0.01

Table S3. iCap measurements of the elemental abundances (ug/g) of major and rare earth elements
in the CAls analyzed in this study (at Durham University, UK).



S3) V and Sr isotope data

Sample Be Ti Cr Fe Vv &'V 2sD n &%sr 2SE
CAI 08 0.05 6347 980 52268 444 -131 014 3 -039 0.03
CAI30 005 13173 385 13983 401 -235 0.03 2 -1.82 0.04
CAIB5 01 5982 355 5887 877 -096 003 6 005 0.03
CAI75 01 5256 207 11148 206 049 011 3 192 0.03
CAI3529  0.15 4464 269 25797 249 -049 0.07 3 063 0.03
CAl 01a 2067 1088 42842 212 -307 0.09 3 -150 0.03
CAI 01b 2435 1599 45396 268 -289 0.09 4 -042 0.03
CAI 02 Bulk 2185 1093 64603 318 -490 0.09 4 -0.80 0.03
CAI 03 Bulk 1947 1416 59676 198 -2.93 009 3 -293 0.03

Sample ¥sr*sr 2SE ¥ Rb/*sr

CAI 08 0.701678  0.000007 0.051190

CAI30 0.700129  0.000012 0.020076

CAIB5 0.699470  0.000002 0.007923

CAI75 0.701198  0.000004 0.023999

CAI3529 0.700548  0.000006 0.024441

CAl 01a 0.725189  0.000003 0.446260

CAIl 01b 0.730779  0.000004 0.719540

CAI 02 Bulk 0.743693  0.000005 0.765601

CAI 03 Bulk 0.729189  0.000003 0.551726

Table S4. The 5°'V and 5%Sr of each sample are reported together with concentrations of main target
elements for cosmogenic production of V, in ppm. We also report the ¥3r/%°Sr and ®’Rb/*°Sr of each
analyzed CAl (see Fig. S3).



S4) Rb-Sr systematics
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Figure S3: ¥ Rb-%Sr errorchron of CAls investigated in this study. Coarse-grained CAls define an
errorchron corresponding to an age of 4.1 + 0.7 Gyr (grey envelopes on panels a and b, MSWD: 2.6).
The initial ®’Sr/®®Sr corresponding to this errorchon (0.69904 + 0.00062 at 20, horizontal solid
line, panel a) is similar to the canonical initial ®’Sr/®®Sr of CAls (horizontal dashed line,
panel a; 31). Fine-grained CAls, characterized by much higher ®’Rb/®°Sr, appear to plot
within the error envelope of the coarse-grained CAl errorchron. The observed scatter in the
full data set may be indicative of open system processes (e.g. decoupling of Rb from Sr
during alteration, later addition of Rb during impact events) and/or physical admixture of
matrix during sampling of the CAls (31). Sr concentrations were determined by isotope
dilution from the double spike Sr isotope measurements, whereas the Rb concentrations
were determined by ICP-MS at WHOI. Corresponding data are reported in Table S2.



S5) ®AlI-*Mg systematics

After splits of 5 to 15 mg of CAl fragments had been handpicked for V and Sr isotope
analyses, a second set of CAl fragments was selected for SIMS analyses (Be—B and Al-Mg).
Because the most pristine chips were used for V and Sr isotope analyses, CAl fragments for
SIMS analyses were more likely to represent rim fragments eventually associated with
matrix. This potentially explains — at least to some extent — the dispersion of SIMS data.
These chips were first mounted in epoxy for coarse polishing, and then mounted in indium for
careful, fine polishing using diamond paste.

Al-*Mg measurements were carried out on four coarse-grained CAls following the
analytical procedure described in Liu et al. (108). Although some debate remains regarding
the extent of “°Al heterogeneity in the early Solar System (e.g., 80,109), a canonical *°Al/*’Al
of ~5x107° is generally considered as the Solar System initial ratio (noted %°Al/?’Aly), which
represents "time zero" for high-resolution relative chronometry of the Solar System's oldest
solids (76,110,111). Here, all A7’ Aly are associated with large uncertainties compared to
literature data due to limited spreads in measured #’Al/**Mg values (Fig. S4). Despite large
dispersion of the data, two coarse-grained CAls (CAI08 and CAI65) show (*°Al/*’Al), in first-
order agreement with the canonical value. The Al-Mg systematics of CAls 3529 and 75 do
not provide any meaningful chronological information.
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Figure S4. Al-Mg isochrons determined for coarse-grained samples CAI08 (a), CAI65 (b), CAI3529
(c), and CAI75 (d). On each panel, the dashed line and associated 20 envelope represent the error-
weighted least square fit through the data (90). Corresponding slope and y-intercept are reported
together with their associated 20 uncertainties on the top left corner of each panel. MSWD values are
reported on bottom right corners. Uncertainties are shown at 20.



Sample Al Mg 20 5**Mg* 20
CAIl 08
1 (Spinel) 2.573 0.113 0.80 0.14
2 (Spinel) 2.682 0.135 0.78 0.15
3 (Spinel) 2.571 0.113 0.77 0.15
4 (Pyroxene) 1.594 0.071 0.40 0.20
5 (Pyroxene) 1.291 0.057 -0.01 0.16
6 (Melilite) 7.716 0.351 1.91 0.36
7 (Melilite) 9.110 0.426 3.80 0.38
8 (Melilite) 8.454 0.478 2.88 0.46
9 (Melilite) 5.679 0.242 1.19 0.48
10 (Spinel) 2.556 0.112 0.79 0.14
11 (Spinel) 2.568 0.112 0.76 0.13
12 (Melilite) 4.162 0.207 1.76 0.52
13 (Spinel) 2.568 0.112 0.73 0.15
14 (Pyroxene) 1.904 0.085 0.33 0.25
15 (Melilite) 5.895 0.301 1.67 0.54
16 (Pyroxene) 2.195 0.097 0.34 0.17
CAI 3529
1 (Spinel) 2.627 0.116 0.83 0.14
2 (Spinel) 2.729 0.117 0.97 0.15
3 (Melilite) 36.021 2.029 18.48 0.79
4 (Melilite) 16.623 1.302 3.22 0.48
5 (Melilite) 13.195 1.306 1.97 0.28
6 (Melilite) 7.888 0.568 2.16 0.28
CAI 65 2.566 0.109 0.86 0.14
2.561 0.108 0.74 0.16
0.949 0.041 0.17 0.13
1.014 0.044 0.22 0.20
0.963 0.043 0.24 0.45
0.988 0.043 0.26 0.21
2.768 0.117 0.87 0.14
2.603 0.110 0.89 0.15
CAI 75 2.687 0.114 1.56 0.16
4.904 0.213 2.13 0.19

Table S5. Al-Mg data obtained for CAl 08, CAI 3529, CAIl 65, and CAIl 75 (Figure S4).



S6) Be-B measurements

a- Reference materials

Three different andesitic and komatiitic reference glasses were used in this study to
determine the instrumental mass fractionation (IMF) for the boron isotope ratio and the
°Be/"'B relative ion yield (RIY). These glasses were GOR128-G, GOR132-G, and StHs6/80-
G with boron concentrations of approximately 12—23 ug/g and beryllium concentrations of
0.034-1.2 pg/g (104,112,113). Polishing was completed using a Buehler MiniMet 1000
polishing machine (1 ym diamond paste), which was set to produce a flat and even surface
throughout the epoxy and glass samples. Alumina polish (0.3 um) was used for the final
polish. Prior to gold coating, the thin sections were cleaned using 96% ethanol followed by
an ultrasound bath using distilled water from a Millipore ultrapure water system (18 MQ).
Samples were always cleaned and coated immediately before introducing them into the
airlock of the mass spectrometer to reduce the possible deposition of contamination on the
sample surfaces.

b- Contamination

Surface contamination has been identified as a potential obstacle in the determination of
accurate B abundances and B isotope data in low-B concentration samples (105,114,115). It
is critical to estimate the B amount and isotopic composition of the remaining surface
contamination to quantify the possible bias introduced by the remaining contamination.
Beryllium is not prone to surface contamination.

As in earlier studies, we use the silica glass Herasil-102 (Heraeus Quarzglas GmbH,
Germany) to characterise B surface contamination. Previously, the B concentration of
Herasil-102 was shown to be less than 1.1 ng/g (105). This value resulted from the combined
contributions of surface contamination, machine background, memory effects, and B from the
glass itself. Here, a fragment of Herasil-102 was mounted in epoxy and polished together
with the B isotope reference materials and analyzed for apparent B isotopic composition
using the same analytical setups. Boron isotope measurements on Herasil-102 corrected for
machine background resulted in ion yields of 0.42 s for ''B. In the reference glasses (and
samples), the same count rate amounts to a contamination contribution of 0.3 ng/g. Again,
some of the signal detected on Herasil-102 may be B from the glass itself, such that the
actual contamination level may still be lower than the value given here. The B isotopic
composition of the surface contamination using Herasil-102 can only be determined with
large uncertainty, due to the very low count rates, but is approximately 0.25 (i.e., typical
terrestrial composition). A contamination composition of d 5''B = -36+27%0 was reported by
Marschall & Monteleone (104), which is used to estimate the maximum systematic error of B
surface contamination on the B isotope analyses of the samples using a simple mixing
approach (104).
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Figure S5. Potential systematic error introduced by boron contamination as a function of sample
boron concentration for samples with a boron isotopic composition equal to the bulk-silicate Earth
(blue lines; %8/""B = 0.249) and a radiogenically enriched composition (red lines; 98/1"B = 0.50).
Contamination equivalent to 0.5 ng/g or 0.1 ng/g were assumed with a B isotopic composition of 5'"'B
= -36%o (104). The investigated CAIl minerals contain 0.26—120 ng/g B.

The boron isotope bias generated by potential surface contamination with the near-
terrestrial composition mentioned above is stronger on samples with a strong radiogenic
component compared to samples that have a terrestrial composition themselves (Fig. S5).
The lines displayed represent approximate upper limits for the systematic error, and further
evidence shows that they may overestimate the contamination contribution in this study: (1)
The analyses with the lowest B content show rather constant count rate signals over the
duration of each individual analysis (Fig. S6) instead of the decreasing count rates that are
typical for contamination-afflicted analyses (105). The count rates of the low-B analyses
displayed in Fig. S6 are in the 0.2-0.8 s™ range, similar to the Herasil-102 glass, but with
radiogenic, distinctly non-terrestrial compositions. (2) The observation of strongly radiogenic
compositions at low B concentrations shows that any influence of terrestrial B contamination
in the analyses has to be small. (3) The measurement repeatability (precision) of all analyses
presented in this study follow the values predicted by counting statistics (see below; Fig. S7),
which would not be the case for sets of analyses afflicted with contamination (105).

Values in this study were not corrected for potential contamination. Any remaining
contamination would pull the analyses with the lowest B content (i.e. the samples with the
highest detectable radiogenic component) towards the terrestrial composition in a °B/''B
versus “Be/"'B plot. It would thus decrease the spread of the data points but would have no
significant effect on the estimated '°Be activity for CAl that have an intersect (=initial '°B/"'B
ratio) close to the terrestrial value. Samples with higher B contents (lower °Be/''B) would be
much less affected by contamination, such that the estimated intersect would also be
affected to a very small degree only.
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Figure S6. Recorded background-corrected count rates of °Be (blue line), %8 (orange-colored line)
and ''B (red line) of two analyses with 77 and 100 measurement cycles, respectively. These are the
two analyses with the lowest B count rates. Note that count rates of the two boron isotopes do not
show any systematic decrease, demonstrating that surface contamination was insignificant in our
study, even for the analyses with lowest boron-concentration samples.

c- Precision

The internal precision of a single spot isotope ratio analysis (measurement
repeatability) is defined here as the standard error of the mean (SE = SD/ SQRT(n-1)) of the
n-1 intensity-corrected '°B/''B ratios and are given here as two times the relative standard
error (Fig. S7). The sensitivity of the instrument was 133 and 46 counts/s/nA/(ug/g) for °Be
and "B, respectively, as determined using the reference glasses. The resulting predicted
precisions for 50, 100, and 250 cycles are displayed in Fig. S7. This figure also shows the
precision of analyses of the reference materials and the analyzed samples. Observed and
predicted precisions agree well.

d- Analytical drift

Marschall & Monteleone (104) reported long-term drift of the instrumental mass
fractionation (IMF) during B isotope ratio measurements over the course of a day of typically
10.1%o/h. In both analytical sessions, over 48 and 22 h, respectively, from which data are
reported in this study, the long-term drift was indistinguishable from 0.0 %./h; hence, no
long-term drift correction was applied to the data. Marschall & Monteleone (104)
demonstrated that no systematic drift occurs for a boron isotope ratio measurement during a
40-cycle analysis under the current setup and analytical protocol. Here we report data
collected using a higher number of cycles (40—100). In order to detect possible drift within the
analysis of one spot, we completed one analysis with 248 cycles and analyzed it for possible
down-hole drift (Fig. S8). The downhole drift in this analysis was insignificant with neither
increasing nor decreasing count rates. Small-scale variations in count rates are interpreted
as true sample heterogeneity (see below).
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e- Matrix effects and accuracy

The matrix effect describes the dependency of the instrumental mass fractionation on
the chemical composition or crystallographic structure of the analyzed materials. Matrix
effects for B isotopes have been reported to be very small for a large range of minerals and
glasses (115-119). For the settings used in this study, Marschall & Monteleone (104) showed
that the matrix effect for a set of natural silicate glasses ranging from komatiitic to rhyolitic in
composition was well within the repeatability of the B isotope analyses on these materials,
i.e., that matrix effects were much smaller than 0.5%.. Marschall & Monteleone (104) report
that reproducibility and accuracy for the reference glasses were within £0.4 to 1.6 %o
(2RSD) including all internal and external uncertainties with a mean of 1.0 %.. We assume
that the analyzed silicate and oxide minerals adhere to the same limits, but this was not
tested due to a lack of suitable reference materials.

f- Sample heterogeneity

Here, we observed significant heterogeneity of the samples on the scale of the depth
increase of an individual SIMS spot. This heterogeneity is most apparent in long-wavelength
fluctuations (over tens of cycles) of the °Be (and boron) count rate and °Be/''B ratio (see
Fig. S8). These fluctuations are interpreted as a small-scale chemical zonation in Be
(and/or B) in the respective mineral grains and are deemed acceptable. Yet in some cases,
the count rates are characterized by massive jumps by more than an order of magnitude
within one or two analytical cycles (e.g., Fig. S9). These discontinuities are interpreted as the
boundary between two different minerals, such that the mineral grain exposed at the surface
terminates at depth and the ion beam samples the grain located beneath. In such cases,
only the first part of the profile was evaluated, whereas the discontinuity and subsequent
cycles were discarded.
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Figure S9. Recorded background-corrected count rates of °Be (blue line), %8 (orange line), and "B
(red line) of an analysis with 132 measurement cycles. There clearly is a strong discontinuity in the
composition of the analyzed material that was pierced between cycles 84 and 100. In this example,
determining where exactly we sputter the mineral of interest (melilite) and where we start to sputter
into a grain-boundary region that could possibly be influenced by B derived from the chondrite matrix,
is challenging. Due to large uncertainties associated with interpreting this profile, the point has been
excluded for interpretations (Table S4). We also note that the 98/1"B computed from the first part of
this analysis (cycles 1-84) is anomalously low (below the non-radiogenic initial value; Table S4), the
cause of which remains unknown.
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Figure S10: (a) Schematic representation of the potential for terrestrial contamination to produce
overestimated '°Be/°Be values (computed from the slope of the isochrons). The red area represents
the range of possible values corresponding to the addition of terrestrial and/or chondritic
contamination from a pristine composition (black points). Red points materialize an example of
contaminated sample, producing a virtually larger slope (s2) than the pristine isochron (s1). Arbitrary
uncertainties are given for illustrative purpose. (b) Initial slopes of %Be-'B isochrons in CAls
(1°BelgBe0) as a function of the maximum associated *Be/''B. Red dots are data for CV3 CAls from
literature. Blue hexagons [1] and pink pentagons [2] are data for CV3 CAls from this study and Sossi
et al. (21), respectively. Green diamonds [3] and yellow squares [4] are CB/CH CAls from Gounelle et
al. (64) and Fukuda et al. (65), respectively. Purple stars [5] are CO CAls from Fukuda et al. (66). The
red curve corresponds to a power law fit through the data. Panel (c) shows a zoomed in view of panel
(b) using a log scale for the x-axis. Horizontal grey line shows °Be/*Bey = 8x107*.



Sample Mineral °Be/"'B 20 “B/"'B 20 Po

496 88 0.64 0.28 0.74
2.218 0.056 0.2569  0.0042 0.69
35.8 25 0.282 0.014 0.74

CAI 75
125.04 7.87 0.329 0.024 0.70
2.51 0.13 0.2537  0.0041 0.67
19.56 0.78 0.261 0.011 0.59
anorthite 4.31 0.29 0.252 0.011 0.64
melilite 4.17 0.13 0.245 0.011 0.46
spinel 0.948 0.032 0.2502 0.0037 0.57
melilite 9.11 0.12 0.2589  0.0051 0.56
CAI 65 melilite 5.86 0.21 0.2530  0.0058 0.64
melilite 5.20 0.13 0.2535  0.0056 0.60
melilite 1.206 0.020 0.2485  0.0023 0.48
melilite 2.433 0.079 0.2493  0.0090 0.68
melilite 5.561 0.092 0.2520  0.0041 0.42
melilite 14.8 1.4 0.186 0.0020 0.57
pyroxene 117 18 0.42 0.26 0.50
pyroxene 20.5 1.1 0.285 0.021 0.57
pyroxene 55.1 5.6 0.262 0.034 0.61
CAIl 08 pyroxene 0.656 0.020 0.2497  0.0040 0.69
melilite 10.87 0.22 0.2675  0.0058 0.62
melilite 41.9 1.6 0.276 0.015 0.41
anorthite 4.96 0.23 0.284 0.024 0.52
0.2252 0.0060 0.2514  0.0008 0.48
0.2080 0.0071 0.2531 0.0013 0.52
0.0518 0.0012 0.2527  0.0007 0.44

CAl 3529

0.0448 0.0029 0.2514  0.0015 0.43
0.0055 0.0002 0.2493  0.0004 0.52
0.0231 0.0007 0.2513  0.0005 0.30

Table S6. Be-B data obtained for CAl 75, CAl 65, CAl 08, and CAIl 3529 (Figure 2). po coefficients
correspond to the so-called "coefficients of spurious correlation” used to compute the correlated
uncertainties shown in Figure 2. The last data point for CAl 65 (in italic) represents the analysis
reported in Fig. S9, corresponding to an anomalously low 98/1"B (below the non-radiogenic initial
value) that cannot be explained straightforwardly. This data point has therefore been excluded for

interpretations.




S7) Leaching experiments

At the University of Minster, approximately 6 g of the Murchison meteorite powder, provided
by the Field Museum in Chicago, was processed through a six-step sequential acid leaching
procedure described below (120).

Step 1) 25mL acetic acid + 25mL H,0, 1 day, 20°C

Step 2) 12.5mL HNO; + 25mL H,0, 5 days, 20°C

Step 3) 15mL HCI + 17.5mL H,0, 1 day, 75°C

Step 4) 15mL HF + 7.5mL HCI + 7.5mL H,0, 1 day, 75°C
Step 5) 7.5mL HF + 7.5mL HCI, 3 days, 150°C

Step 6) 7mL HNO; + 14mL HF + 400uL HCIO,, 5 days, 200°C
Dry down at 180°C to remove HCIO,

Treat the sample with ~5mL concentrated HNO;

Dry down at 200°C to remove HCIO, (repeat 4 times)

14mL HNO; + 7mL HCI, 2 days, 150°C

Following the leaching procedure, ~5% of each leachate solution was set aside for V
isotope work. These solutions were evaporated to dryness and prepared for chemical
separation of V (see analytical procedure for V isotope measurements). Sequential acid
leaching experiments carried out on the Murchison CM2 chondrite show no V isotope
variation (Fig. S11). Previous work has reported large Dy and Er nucleosynthetic anomalies
on the same Murchison leachates that were most likely generated from the dissolution of
presolar silicon carbide (SiC) grains (32). However, even for the more chemically aggressive
leaching steps (i.e., L6) that concentrate certain presolar phases like SiC, the V isotope
composition is unresolved from the bulk chondrite composition. Previous acid leaching
studies have reported isotopic anomalies for many elements, including Ca, Cr, Sr, Zr, Mo,
Ru, Ba, Nd, Sm, Hf, W, Os, Dy, Er, and Yb (120-133). Here, the absence of nucleosynthetic
V variations in Murchison leachates and chondrites justifies the use of a single chondritic
value, corresponding to the mean 5°'V composition of chondrites corrected for spallation-
produced *°V (3°'Vcnonarites = —1.089 + 0.029 %o; 34), as the starting composition for the
protosolar nebula.

Leachate  °*'V [pg/g] IV (%) 5°'V 2sD n
L1 8 16% n.d. - 0
L2 22 43% -0.99 0.13 9
L3 5 10% -1.14 0.08 5
L4 5 10% -0.91 0.09 5
L5 4 8% -0.99 0.17 4
L6 7 13% -1.12 0.17 4

Table S7. Vanadium elemental and isotopic data obtained from experiments of acid leaching of the
Murchison meteorite (Figure S11). Concentrations in the leachates were calculated by dividing the
quantity of V in the leachate by the total mass of the Murchison sample.
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Figure S11: 5°'v isotope composition of Murchison (CM2) chondrite leachates (from L1 to L6, with L6
corresponding to the most chemically aggressive leachate) compared to the mean and 95 % c.i.
composition of chondrites (34). Percentages on the left side of each data point refer to the fraction of
total V that is released for each step of the leaching procedure. The slightly heavy V isotope
composition of L4 could potentially be attributed to a small nucleosynthetic anomaly, the presence of a
mineral phase that is enriched in heavy isotopes due to for instance evaporation, and/or isotopic
fractionation during the leaching procedure. Here, no trend of isotopic enrichments is observed
throughout the leaching process, which is indicative of negligible nucleosynthetic anomalies (0.2 %o)
being present for V in chondrites. Note that L1 was not analyzed for V isotopes due to extremely high

cation concentrations.




S8) Kinetic fractionation modeling

In this paper, we use the mathematical formulation of kinetic isotopic fractionation
during evaporation and condensation, as formulated by Richter (54), to model and interpret
the observed co-variation of V and Sr isotopes in CAls. In the case of free evaporation, the
condensed phase and the gas reservoir represent the source and the sink, respectively,
whereas for condensation, the gas is the source and the condensed phase the sink. The
5°'V and 5°®Sr dependencies on f are represented in Fig. S12, where the isotopic
composition of each increment added to the sink (instantaneous flux) is 1000 x (a-1) %o
lighter than the source.
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Figure. S12: Theory of kinetic isotopic fractionation (Richter 2004) applied to V and Sr. (a) Rayleigh
fractionation produces here a straight line with intercept (0,0) and slope 1000x(1- a). The a values are
0.9886 and 0.9901 for Sr and V, respectively, based on the relative mass differences of the isotope
pairs *V and *°V, and ®Sr and *sr, respectively (b) The three curves plotted in this figure are,
respectively, the isotopic composition of a Rayleigh fractionating source (condensed phase in the case
of evaporation, gas in the case of condensation), the bulk sink (condensed phase in the case of
condensation, gas in the case of evaporation), and the instantaneous flux from source to sink, plotted
as a function of the fraction f of the original Sr or V remaining in the sink.

In a kinetically controlled process, an evaporation residue will be variably enriched in
the heavy isotopes, depending on the degree of evaporative loss and on the gas/condensed
phase isotopic fractionation factor. In contrast, a condensate formed under kinetic control
tends to be enriched in light isotopes. Here we model these processes by following the
mathematical formulation of kinetic isotopic fractionation during evaporation and
condensation presented by Richter (54). Evaporation and condensation are considered in
limiting case regimes where the gas is either under-saturated (P; < P;sat) Or super-saturated
(Pi > Pisat), respectively, where P; and P;q, represent the partial pressure of species i and
saturation vapor pressure, respectively. The kinetic isotope fractionation factor, aX®,
between two isotopically distinct gas species of mass my and m; is given by Eq. S1:

alfh = iy [ (Eq. S1)

where y; is the "evaporation" or "sticking" coefficient of species i. Here we assume that all
processes considered in this paper involve sufficiently high temperatures (T > 1000 K) that
equilibrium isotope fractionations can be neglected (54). Whereas the ratio of sticking
coefficients could also have a significant effect on elemental fractionations, sticking
coefficients for isotopes of the same element are assumed to be the same, such that aX}"



can be simply expressed as ’% This isotope fractionation factor is the key quantity relating
1

the isotopic fractionations of an evaporation residue to the amount of parent element
evaporated. Using the usual formulation of the Rayleigh fractionation equation in the case of
evaporation (i.e., where the partial pressure of the corresponding gaseous species i is small
relative to its saturation vapor pressure), it follows that (Eq. S2):

22— foipel (Eq. S2)
Ro
where Ry is the isotopic ratio N1/N, in the condensed phase prior to evaporation and Ry, is
the isotopic ratio in the evaporation residue when a fraction f of a given isotope remains (54).
In the case where the gas pressure is significantly greater than the saturation vapour
pressure (i.e., in the case of condensation from a supersaturated gas phase), the
condensate has a bulk isotopic composition given by Eq. S3:

Ri2 (1-f%12)
- ap (Eq. S3)
where Ry, is the isotopic ratio in the condensate, Ry is the initial ratio in the gas, and f is the
fractional amount of a given isotope remaining in the gas. Rayleigh fractionation equations
(Eq. S2 and S3) are used here to predict the isotopic composition of CAls produced by
partial condensation and evaporation, starting from a nebular gaseous reservoir of chondritic
isotopic composition (Fig. 3 and Fig. S13a). We note that, in this approach, the sticking
coefficients (y;; Eq. S1) of V and Sr are not known. Different y; values for V and Sr could
significantly modify the slope of the modeled condensation/evaporation curves.

We note that taking the f (V) — f (Sr) relationship given in Table 1 for condensation of
V and Sr, and combining it with the Rayleigh distillation during evaporation produces an
expected evaporation trend that has a markedly different slope than the CAI correlation line
(Fig. S14a). This indicates that different relationships between f (V) and f (Sr) are required
during evaporation and condensation, which, in other words, implies that condensation and
evaporation curves do not exactly mirror each other. Here, one possibility is that the slope of
the CAI correlation line may only reflect evaporation - the opposite (only condensation) is
impossible due to some CAls being heavier than the chondritic composition. This scenario,
however, would require all CAls to have initially condensed to the almost exact same extent,
as different extents of partial evaporation from condensates with different extents of partial
condensation would not produce a linear correlation between the final residues (Fig. S14b).
Alternatively, the condensation and evaporation trends could be close to one another,
therefore resulting in the products of partial condensation and evaporation to roughly plot on
a single line. We hypothesize that additional CAl data may ultimately reveal the existence of
different slopes in the observed &°'V-3%®Sr correlation, which are not resolvable at the
present level of precision and/or with the present amount of data.
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Figure S$13: (a) Graphical representation of 5°'V and 8%Sr isotopic co-variations as a function of
condensation (orange) and evaporation (green), considering that the fractions of V and Sr condensed
or evaporated remain identical. Percentages associated with condensation and evaporation
respectively correspond to the condensed and evaporated fractions (f) of V and Sr. The composition of
the starting gas is assumed chondritic (34). (b) Comparing the 5°'V- 5%sr composition of CAls with
condensation (orange) and evaporation (green) lines considering that the fractions of V and Sr
condensed or evaporated remain identical (i.e., V and Sr have identical volatilities). We observe that
the slope of the CAI correlation is markedly shallower than the pathways predicted by kinetic isotopic
fractionation theory. Adjusting the slope of these theoretical lines to fit that of the CAI correlation is
achieved by invoking distinct sticking coefficient ratios for the isotopes of Sr and V (e.g., yso, = ys1,
and yses, = 0.9976 X yss,; dashed line noted f,'). However, in this case, the predicted (dashed line)
and observed (CAl correlation) lines are vertically shifted one from another, requiring the reservoir
from which chondrites formed to have been enriched in *°V with respect to that from which CAl
condensed. The chondritic (black diamond) and BSE (black square) compositions are shown (34). The
BSE is clearly distinct from the chondritic composition, but close to the CAl correlation.
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Figure S14: Testing the relationship between f ongensate(V) and feondensate(Sr) for different scenarios of
condensation/evaporation. The expected evaporation trend (green line) based on the same
feondensate(V) - feondensate(ST) relationship as derived from condensation is markedly different from the CAl
correlation line (a). One possibility is that the slope of the CAI correlation only reflects isotopic
fractionation during evaporation. However, this would require all CAls to have initially condensed to
the exact same extent as, otherwise, no linear correlation would be expected for residues having
experienced different extents of partial evaporation (b). Another possibility is that the f.ongensate(V) -
feondensate(ST) relationships were different during condensation and evaporation (e.g., different sticking
coefficients), producing condensation and evaporation trends that were roughly collinear and so
unresolved at the current level of precision. The chondritic (black square) and BSE (black diamond)
compositions are shown (34).



S9) Numerical Modeling of cosmogenic '°Be and *°V production

Numerical Modeling of cosmogenic '®Be and *°V production was carried out from the
Matlab code developed by Liu and McKeegan (69). In an irradiation environment, the
production of a nuclide P; from spallation nuclear reactions on a target follows the equation

P = Sk iy I, felE.0) 0 ;(E) Ny dE dt (Eq. S4)

where f, (E, t) is the time dependent flux of various incoming particles, usually represented
by a power-law distribution as a function of kinetic energy, o;_,;(E) represents the cross

wn wn

section of a given nuclear reaction that converts a target nuclide “i” to a product isotope “j,
and N; is the number of atoms for target nuclide “i” per gram of sample material. The
summation accounts for multiple species of projectiles “k” participating in the irradiation, and
if more than one target is involved to produce “j”, the contribution from each target isotope “i”
has to be included (see, e.g., 3,13,20,21,69).

The integrations over energy and over time yield P;, the total production of nuclide “j”
per gram. The relevant cross sections are obtained from the TALYS code (68), which
calculates cross sections based on the Hauser—Feshbach statistical model. The calculations

for both stable isotopes and radionuclides are performed by expressing the flux of projectiles
in the form of a differential spectrum Z—x « E~P with respect to kinetic energy, where the

index p determines the steepness of the spectrum and also implies the constituents of the
incident particles. For example, impulsive solar flare events are characterized by a steep
energy spectrum with high p (=3.5) and high abundances of *He (*He/*He ~ 1), whereas
gradual flares are described by a shallower spectral index (p=2.7) and lower *He
abundances (*He/*He ~ 4 x10™*; 134). Here, we adopt the proton flux estimated by Lee et al.
(20) based upon the X-ray observations of embedded young solar-type stars (e.g., 135,136),
with F, (E210 MeV)=1.9x 10" cm™.s™.

For the "°Be production calculations, the measured cross sections of '°O(p,x)"°Be and
'®*0(a,x)"°Be are adopted from Sisterson et al. (67) and Lange et al. (137), respectively.
Contributions from ""O(p,x)"°Be and '0(p,x)'°Be are considered negligible due to the low
abundances of 'O and 0. For the *°V production calculations, we considered the reactions
Ti(p,n) *°V, °2Cr(p,2pn) *°V, *Ti(a,apn) *°V, *'V(p,2n) *°V, *Ti(h,p) *°V, **Ti(h,pn) *°V,
0Ti(h,p2n) *°V, *2Cr(p,2p) °'V and “®Ti(a,ap) °'V. Although V production from *°Fe target is
usually not considered in the case of in-situ irradiation of proto-CAls given that most (if not
all) of *°Fe in CAls has a secondary origin (e.g., aqueous alteration), the reactions *°Fe(p,x)
Vv and *°Fe(p,x) °'V were included here in the case of irradiation of nebular gas. The
production rates of '°Be and *°V were calculated for the own chemical composition of each
CAl (in the case of in-situ irradiation) and from the composition of bulk CI chondrites in the
case of solar gas irradiation (33).
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Figure S15: 2D projections of Figure 6, panels (a) and (b), in A°'V-"°Be/°Be space (times of
irradiation provided in the caption). Coloured lines correspond to the trajectories of proto-
CAls experiencing in-situ irradiation at 0.1 AU by gradual (a) and impulsive (b) flares. The
different trajectories of CAls, which all reach the canonical '°Be/’Be of ~8x10™, are controlled

by their distinct abundances of target elements for cosmogenic production.
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Figure S16: 2D projections of Figure 7 in A®'V -"°Be/’Be space, in the case of irradiation of
solar gas at 0.02 AU, 0.1 AU, 0.5 AU, and 1.0 AU by gradual and impulsive flares. Panel (a)
shows the expected '°Be/°Be variations associated with 5°'V values of ~0.2 %.. Panel (b)
shows the expected A°'V variations associated with a canonical '°Be/°Be of ~8x10™.
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Figure S17: 5°'V versus V concentration of CAls belonging to the 3°'V-3%®Sr correlation,
showing the absence of correspondence between the concentration and isotope composition
of V, as yet expected in the framework of evaporation/condensation from a common
reservoir (21). This potentially suggests that the CAI factory did not possess a homogeneous

reservoir with respect to V (see main text).
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