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Abstract

Chondrules in chondritic meteorites are unique witnesses of nebular and asteroidal
processes that preceded large-scale planetary accretion. Together with refractory calcium-
aluminium-rich inclusions (CAls), they are the sources of our knowledge of the initial
evolution of the early Solar System. We have investigated a single very large (>10 mm in
longer dimension) chondrule, hereafter, the mega-chondrule A25-2, extracted from the
Allende CV3 chondrite. We characterised texture, mineralogy and mineral chemistry of this
chondrule, and studied its Al-Mg, U-Pb and U-isotope systematics. We also studied the
distribution of U, Th and Pb, and measured Pb isotopic composition in individual minerals of
A25-2 by secondary ion mass-spectrometry (SIMS). The main difficulty in absolute age
determination was the presence of pervasive and resilient non-radiogenic Pb. In the search for
the best way to separate radiogenic Pb from non-radiogenic Pb components of terrestrial and
asteroidal origins, we used various protocols of multi-step leaching and assessed their
efficiency in generating data suitable for the construction of an isochron. Testing the data
filtering procedure led us to explore the behaviour of the stepwise leaching method in the
presence of pervasive and resilient non-radiogenic Pb. The model age patterns observed in
the final HF partial dissolution steps probably induced isotopic fractionation. Although step
leaching did not yield fractions with highly radiogenic Pb, a Pb-Pb isochron age corrected for
measured 2*U/*°U was obtained by: (1) data filtering process based on strict analytical and
geochemical criteria to include in the Pb-Pb isochron only leaching steps free from terrestrial
contamination and (2) arithmetically recombined analyses to cancel the effects of leaching-
induced isotopic fractionation.

This extensive data processing yielded the age of 4568.5+£3.0 Ma, which we consider
reliable within its uncertainty limits, although it is not as precise as, and more model

dependent than, the age that could have been obtained if Pb isotopic compositions were more
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radiogenic. The Z*U/*

U ratio of the mega-chondrule is 137.764+0.016, which is similar to
the ratios obtained from single chondrules yet slightly different from small pooled Allende
chondrules. The initial 2’ Al/*°Al ratio inferred from internal isochron obtained from SIMS
Al-Mg isotope measurements is (5.4+6.5)x10°°, which corresponds to 4565.0 +0.8/-c0 Ma,
assuming homogeneous distribution of “°Al throughout the protoplanetary disk at the
canonical level (~5.2x107). This age is 3.5£3.1 Ma younger than the Pb-isotopic age.
Calculation of 26Al-26Mg age assuming initial CTAl%Al) of (1.36+£0.72)x107° in the

chondrule-forming region yields the age of 4566.4+0.8/-0, which is consistent with the Pb-

isotopic age.
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1. INTRODUCTION

Chondrules, mm-sized spherules of mafic silicate rocks, are one of the major
components of chondritic meteorites, and among the oldest solids formed in our Solar
System. Chondrules formed in the protoplanetary disk of dust and gas surrounding the proto-
Sun (e.g., Desch and Connolly, 2002; Itoh and Yurimoto, 2003; Connelly et al., 2012; Budde
et al., 2016; Bollard et al., 2017).

Mineralogical, textural, and isotopic observations (e.g., presence of fragments of
chondrules of earlier generations as relict grains inside chondrules, U-Pb absolute and Al-Mg
relative ages) provide evidence that multiple generations of chondrules, possibly formed in a
variety of processes, can be found in an individual chondrite (Connelly et al., 2012; Bollard et
al., 2017; Schrader et al., 2017; Krot et al., 2018; Nagashima et al., 2018, Bollard et al. 2019).
The “nebular” models of chondrule formation include the currently popular models that
consider melting of the nebular condensates by various localised heating processes, e.g., the
jet flow (x-wind) model (e.g. Shu et al., 2001) in which the CAls and chondrules formed near
the protosun contemporaneously, and the shock-wave model (Desch et al. 2005) in which
CAls and chondrules are formed in the inner disk (1 to 4 astronomic units from the protosun)
as a results of multiple transient heating events generated by shock waves. The
“planetesimal” models explain formation of chondrules as droplets of melt derived from
already accreted kilometre-sized or larger bodies (planetesimals) through high-energy
processes such as collisions. The earlier “planetesimal” models that involve low-velocity
collisions between partially molten planetesimals (Asphaug et al., 2011; Sanders and Scott,
2012) cannot explain primitive chemical compositions of chondrules (Bland et al., 2005) and
magnetic properties of chondrites (Weiss and Elkins-Tanton 2013). A more recent model of
high-energy collisions between the solid bodies with variable porosity (Johnson et al. 2014,

2015) circumvents these problems and makes the collisional models a viable alternative to
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the nebular models. Regardless of their formation mechanism, the age of chondrules has been
used to constrain the lifetime of the protoplanetary disk, the timing of giant planet migration,
accretion times for planetesimals, the onset of planetary differentiation and thermal
processing in the disk. Since the diversity of chondrule populations in individual meteorites
has been documented, accurate chondrule age determinations by any isotopic method must
rely on analyses of individual chondrules.

U-Pb geochronology using isotopic dilution thermal ionisation mass spectrometry
(ID-TIMS) is the only long-lived radioisotope chronometer that can provide sufficient time
resolution to determine the timing of separate chondrule-forming events. In several cases,
high precision Pb-Pb isochron dates for individual chondrules, or small groups of chondrules,
have been obtained with a multi-step acid leaching procedure in which radiogenic and non-
radiogenic Pb components can be progressively extracted from different mineral phases
(Amelin and Krot, 2007; Connelly and Bizzarro, 2009; Connelly et al., 2012; Bollard et al.,
2017).

The primary goal of this study was to determine the age of an unusually large (> 10 mm,
see figure AQ in supplementary material) chondrule A25-2 from the Allende CV3 (Vigarano
type) carbonaceous chondrite. This age determination is supported by measurement of the
Z8U/AU isotopic ratio in this mega-chondrule. We also determined the Pb isotopic
composition of the Allende matrix as a possible proxy for any initial Pb component that could
have been present in the mega-chondrule along with primordial Pb. Furthermore, we
attempted to investigate the short-lived 2°Al-**Mg system (*°Al decays to **Mg with a half-
life of 0.705 Myr; e.g., Norris et al., 1983).

The mega-chondrule A25-2 contains significant amount of both initial and terrestrial Pb
compared to the amount of radiogenic Pb. In an effort to separate radiogenic and non-

radiogenic Pb components for the purpose of constructing a meaningful Pb-Pb isochron, we
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investigated the effects of the step dissolution procedure on the U-Pb system. As the mega-
chondrule A25-2 failed to yield a precise Pb-Pb isochron age, we show the limits of the step-
leaching method in single chondrule geochronology and provide suggestions for an optimal
chemical protocol for a given chondrule or meteorite. We achieved this by combining U-Pb
isotopic data with mineralogical information, electron microprobe data, and Th-U-Pb
abundances measured by secondary ion mass spectrometry (SIMS) in mesostasis and mineral

phases.

2. PREVIOUS U-PB AND AL-MG ISOTOPIC STUDIES OF ALLENDE

CHONDRULES

The Allende meteorite is an oxidized CV3 carbonaceous chondrite that experienced iron-
alkali metasomatic alteration and relatively mild thermal metamorphism with peak
temperature of ~500°C (e.g., Guimon et al., 1995; Krot et al., 1998; Bonal et al., 2006; Cody
et al., 2008). The average size of chondrules in the CV chondites is about 1 mm (e.g.,
Weisberg et al., 2006), but some chondrules are significantly larger (e.g., Tanaka et al.,

1975).

Allende has been extensively investigated since its fall and recovery in 1969, yet the
available isotopic and chronological data concerning its chondrules are not abundant. These

data are briefly described in the following section. All the uncertainties are given at 2c level.

2.1. 33U/25U ratios

The 2*U/*°U ratio must be accurately known for calculation of U-Pb and Pb-Pb dates.

Until 2010, the **U/*°U isotopic ratio in the early Solar System materials was assumed to be
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constant and equal to 137.88. Brennecka et al. (2010) first demonstrated substantial variations
of this ratio in CV CAlIs that indicated the need for corrections to the calculated **’Pb/**°Pb
ages. Five 2*U/*°U determinations are available for the Allende chondrules: two sets of
pooled chondrules yielded **U/*°U ratios of 137.724+0.040 (Amelin et al., 2010) and
137.786+0.004 (Brennecka et al., 2015), respectively. These values are distinct, but both
overlap within uncertainties with those measured in bulk Allende chondrite that range from
137.747+0.017 to 137.817+0.033 (Stirling et al., 2005, 2006; Amelin et al., 2010; Brennecka
et al., 2010; Goldmann et al., 2015). Three individual chondrules yielded ratios ranging from
137.772+£0.014 to 137.7794+0.016 (recalculated from Connelly et al., 2012, using a CRM
112a standard value of 137.837 according to Richter et al., 2010) to make it comparable to

the reported bulk rock values).

2.2. Pb-Pb dates of Allende chondrules

Modern U-Pb ID-TIMS techniques have sufficient sensitivity to date relatively large
single chondrules. So far, there are seven Pb-Pb ages on Allende chondrules, among which
five have precision better than 1 Ma. In the following section, the published Pb-Pb age of
Allende chondrules are given as published (i.e. calculated with ***U/*°U=137.88 of Steiger
and Jager (1977) for pre-2010 studies. For more recent studies, we use either directly
measured *U/*°U (if such data are available), or Z*U/*°U=137.786 of Connelly et al.
(2012).

The first two Pb-Pb isochron ages calculated from a mixture of various components
(chondrules, matrix, and CAls) yielded 4553+4 Ma and 4565+4 Ma (Chen and Tilton, 1976;
Tatsumoto et al., 1976). More recently, eight internal isochrons based on step-leaching multi-

chondrule fractions produced consistent ages and yielded a weighted average age of
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4566.6+£1.0 Ma (Amelin and Krot, 2007). This data set has been combined with data obtained
by step-leaching from a single set of multiple chondrules and the resulting dataset yielded an
isochron age of 4565.45+0.45 Ma (Connelly et al., 2008). A similar isochron age of
4565.32+0.81 Ma has been obtained from a set of ten chondrules processed by a ten-steps
leaching protocol (Connelly and Bizzarro, 2009). More recently, two step-leaching isochrons
on single chondrules yielded the ages of 4567.32+0.42 Ma and 4566.24+0.63 Ma (Connelly
et al., 2012). Note that none of these ages were calculated using a >**U/*°U ratio measured in

the same chondrule.

2.3. 26Al-26Mg system

Short-lived extinct radionuclide Al is thought to have been produced in one or several
nearby stars of the proto Solar System and injected into the protosolar molecular cloud
shortly before or during its collapse (e.g., Krot et al., 2012 and references therein). The decay
of this radionuclide to *°Mg is used for high resolution dating of the Solar System processes,
assuming that *°Al was homogeneously distributed in the solar nebula (e.g., Lee et al., 1976;
Dauphas and Chaussidon, 2011; Kita and Ushikubo, 2012; Kita et al., 2013). Crystallization
ages of chondrules relative to the formation of the Solar System can be calculated if the initial
A1 Al ratio [(*°Al/#’Al)g] in the Solar System is known. The (*°Al/*’Al), of ~5.2x107
derived from high-precision Al-Mg isotope measurements of CV CAls by MC-ICP-MS
(Jacobsen et al., 2008; MacPherson et al., 2010, 2012, Kawasaki et al., 2019) is commonly
considered to represent the initial **Al/*’Al ratio in the Solar System and called the canonical
ratio. Assuming uniform distribution of 2°Al in the solar nebula at the canonical level, the
internal Al-Mg isochrons of chondrules from unmetamorphosed (type 2-3.0) chondrites

measured by SIMS suggest formation of chondrules between 1 to 4 Ma after the canonical
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CAls (Villeneuve et al., 2009; Kita and Ushikubo, 2012; Kita et al., 2013; Luu et al., 2015;
Schrader et al., 2017; Nagashima et al., 2019; Pape et al., 2019).

So far, ~30 Allende chondrules have been investigated by MC-SIMS or MC-ICP-MS for
internal (mineral) isochrons determination. The calculated (*°Al/*’Al), ratios range from
(2.80£1.30)x107° to (2.59+1.53)x10"> (Hutcheon et al., 2009; Luu et al., 2015). The bulk
Allende chondrule model isochrons yielded initial ratios ranging from (5.66+0.80)x10" to
(1.23+0.21)x107° (Bizzarro et al., 2004; Luu et al., 2015). Note that the range of the initial
ratios obtained from internal isochrons overlaps the range of the initial °Al/*’ Al ratios from
bulk isochrons.

Assuming homogeneous distribution of *°Al in the Solar System at the canonical level,
the initial *°Al/*’Al ratios calculated from mineral isochrons suggest that chondrule formation
was either a process initiated during CAI formation and lasted for 2-3 Ma (Bizzarro et al.,
2004) or occurred ~ 1.2 Ma to ~4 Ma after condensation of the first solids (Villeneuve et al.,
2009; Luu et al., 2015). The variation of the initial *Al/*’Al ratio observed among chondrules
from a given meteorite implies age differences of 0.5 to 2 Ma (e.g., Kurahashi et al., 2008;
Pape et al., 2019). The statistical tests in Schrader et al. (2016) suggest multiple generations
of chondrules in each chondrite group. These observations reinforce the requirement of using

single chondrules, rather than multi-chondrule fractions, for age determination.

3. METHODS

The Allende mega-chondrule A25-2 was selected for this study as it was large enough to
be split into multiple fractions (Fig. A0 in Supplementary Material) and could be investigated
using different methods. The full description of the sample, the methodological approach and

the analytical protocols are given in supplementary material (EA 1-text file).
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The texture and mineral chemistry of the mega-chondrule A25-2 were investigated by
energy dispersive x-ray spectroscopy and electron microprobe analysis at The Australian
National University (ANU) and the University of Hawai‘i (full details in EA 1-text file and
complete dataset in EA-dataset 1, Fig. A1l in Supplementary Material). The uranium isotopic
ratios were measured by Multi-Collection Inductively Coupled Plasma Mass Spectrometry
(MC-ICP-MYS) at the University of California-Davis (EA-dataset 2, Fig. A2 in Supplementary
Material). The in-situ AlI-Mg measurements were made in the different phases by SIMS at the
University of Hawai‘i (see analytical details in EA 1-text file). The U-Pb systematics
determined in the mega-chondrule A25-2 and the Allende matrix were performed by Thermal
Ionisation Mass Spectrometry (TIMS: Pb isotopic ratios and concentrations) and MC-ICP-
MS (U concentrations) at The Australian National University (EA-dataset 3 and EA-dataset
4; Figs. A3a and b, Figs. A4a and b). The mineral U, Pb and Th concentrations were analysed
in situ by Sensitive High Resolution Ion Probe (SHRIMP) at The Australian National

University (see analytical methods in EA-text file, Fig. AS).

4. RESULTS

4.1. Mineralogy and petrology

The mega-chondrule A25-2 has a barred olivine (BO) texture with a framework of
elongated up to 100 pm-long olivine crystals (~74 vol%) and xenomorphic high-Ca
pyroxenes (~12 vol%) that crystallised between the olivines and scattered Cr-spinels (~0.2
vol%; Fig. 1). The remaining volume (~14%) is occupied by mesostasis composed of
feldspathic glass and fine-grained high-Ca pyroxene microcrysts (Fig. 1).

The representative compositions of these minerals are given in Table 1. The full set of

EMPA analyses is given in Table Al in the Supplementary Material (EA-dataset 1).
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The olivines have ferroan composition (Fazs39) and, thus, the chondrule is
categorized as type Il BO chondrule (Jones et al., 2005). The pyroxenes show a large variety
of composition ranging from low-Ca to high-Ca clinopyroxene (Fs3p-4s, Wos-28; Al,O3 = 3—8
wt.%, Table Al in EA1 dataset). The spinels have a Fe-rich chromite composition (FeO ~ 24
wt.%; Cr,O3 ~ 40—43 wt%, Table Al in Supplementary Material).

The EDS mapping shows that Na and Al are located in the mesostasis in the same
areas (Fig. Al in Supplementary Material). This suggests that the feldspathic glass is rather
sodic (Fig. Al in Supplementary Material). No phosphates or sulphides were unambiguously
identified. The potassium content was below detection limit. High calcium contents are
located where pyroxene has been identified in the BSE images (Fig. 1 and Fig. Al in

Supplementary Material) suggesting the presence of clinopyroxene.

4.2. 2%u/¥U isotopic ratios

The mega-chondrule A25-2 was analysed during two analytical sessions and the results
yielded a weighted average 2**U/**°U ratio of 137.764+0.016 and an average U concentration
of 12 ppb (Table A2 in EA- dataset 2 and Fig. A2 in supplementary material).

This Z*U/*°U ratio overlaps within uncertainty the values obtained from the other
individual Allende chondrules (Fig. 2; Connelly et al., 2012) and the multi-chondrule fraction

of Amelin et al. (2010). Considering uncertainties of the previously published ***U/*

U, our
new ratio for the mega-chondrule A25-2 is also in agreement with both the values obtained
for bulk Allende meteorite and the most recent estimate of the Solar System ratio
(137.794+0.027, 95% confidence; Goldmann et al., 2015, see Fig. 2). However, our new
28U/AU ratio differs from the value of 137.786+0.004 from the Allende multi-chondrule

fractions obtained by Brennecka et al. (2015). Note that this latter value overlaps those of the

individual chondrules from Connelly et al. (2012), 137.772+0.014 to 137.779+0.016.
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4.3. Al1-Mg systematics

Olivine, clinopyroxene and Cr-spinel were analysed by SIMS for *°Al-**Mg systematics
in the mega chondrule. The pervasive presence of fine-grained clinopyroxene in the
mesostasis precludes any reliable SIMS analysis from the mega-chondrule A25-2 mesostasis
as instrumental mass fractionation and relative sensitivity factor are different depending on
the phases analysed. The *’Al/**Mg values ranges from 0.213+0.007 to 0.415+0.014 for
clinopyroxene, from 0.00126+0.00004 to 0.00143+0.00005 for olivine, and from 2.2+0.22 to
3.3+0.33 for Cr-spinel (Table 2). The analysed minerals do not show resolved excess of
radiogenic *°Mg (Table 2). The Cr-spinel, clinopyroxenes, and olivines define an internal
isochron yielding an initial ratio (*’Al/*°Al), of (5.446.5)x10°® (Fig. 3). This ratio, and its
upper limit, are significantly lower than the “canonical” value found in CAls (~5.2x107).
This ratio is in the range of those inferred from the internal isochrons in Kaba (CVg3.1)
chondrules that is (2.9+1.7)x107 to (6.3+1.7)x10°® (Nagashima et al., 2017), but lower than
those inferred from the model isochrons of the Allende bulk chondrules (1.23x107 to
5.66x107>; Bizzarro et al., 2004; Luu et al., 2015). Nevertheless, our new (27A1/26Al)0 ratio is
within the range as one other internal isochron of a chondrule from Allende of (4.0+2.7)x10°

(Bollard et al., 2019).

4.4. Th-U-Pb data from the mega-chondrule A25-2

We applied three different step-leaching protocols to nine whole-rock fractions of the
mega-chondrule A25-2 ranging between 2 and 12 mg, in three analytical batches involving 4

to 13 steps (see EA-text file in supplementary material). The first batch (A31) consisted of

12
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four grain-size fractions (fraction 1: coarse, fraction 2: medium, and fractions 3 and 4: fine).
The second batch (A66) consisted of three small fractions of 2—4 mg that were crushed to
produce three different grain sizes (#108: coarse fraction, #111: mid-size fraction and #121:
fine fraction; see EA-text file and Fig. A0). In the third batch (A68) we analysed two 10-12
mg fractions (one coarse #3 and one fine #12).

The complete U-Pb dataset of all the mega-chondrule A25-2 fractions, including related
blanks and standards, uranium and thorium concentrations measured for each steps of the
dissolution procedures as well as the corresponding isotopic ratios are available in the
supplementary material (EA- dataset 3). All the uncertainties are given at 2¢ level. The data
were screened for possible isobaric interferences, mass-independent fractionation and other
analytical problems following the procedure outlined in Amelin and Davis (2006) and
Amelin et al. (2010), and further described in the supplementary material (see EA-text file,

Fig. A6 in Supplementary Material).

4.4.1. Uranium and thorium concentrations

Total U concentrations (sum of concentrations measured in residues and all leachates of
a given fraction) range from 13 to 27 ppb (Table A3e in Supplementary Material) and total
measured Th concentrations vary from 54 to 103 ppb. These U concentrations are similar to
the values previously reported for Allende chondrules (e.g., Amelin and Krot, 2007; Connelly
et al., 2008).

Within a given batch, the total U and Th concentrations of the different fractions show
relatively small variations. There is generally no correlation between uranium and thorium

concentrations and the grain size. For U, concentration increases with increasing grain size in

13
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A31, the opposite variation is observed in the two other batches (Table A3e). Such variations
are correlated with those of thorium for batch A31 only.

The *Th/***U ratio (k) calculated from the radiogenic **Pb/*°°Pb isotopic ratios and
297pb/2%Pb model dates ranges from 3.9 to 4.2 in the nine different fractions (Table A3e).

4.4.2. Lead concentrations and isotopic ratios

The total Pb concentrations of the nine analysed fractions vary from 110 to 452 ppb and
the quantity of Pb present in each individual leaching step of the nine analysed fractions
varies from 3 pg to 949 pg. Batch A68 displays more limited variations of Pb contents (Table
A3e). The Pb content variations are not related to the weight of the fraction or to the grain
size of the fraction within a given batch. The Pb blank ranges from 0.54 to 1.6 pg and its
contribution to the uncertainty of the final calculated ratios becomes minor for analyses with
more than 10 pg of Pb. The U blank ranges from 0.10 to 0.19 pg.

All Pb isotopic analyses of the mega-chondrule A25-2 fractions yielded relatively
unradiogenic *°°Pb/***Pb ratios. Blank-corrected **°Pb/***Pb measured range from 15.6 to
61.7 (ratios without blank correction range from 15.36 to 51.75). Except for two data points,
the individual steps yielded ratios within a narrow range from 18 to 33. The **°Pb/***Pb ratios
in the residues are among the lowest and least variable of those documented for Allende
chondrules (Krot and Amelin, 2007; Connelly and Bizzarro, 2009; Connelly et al., 2012),
making the mega-chondrule A25-2 an object that is exceedingly difficult to precisely and
accurately date with the U-Pb method. The data points with the lowest and highest
20pp/2%Pp ratios (A68-chond 3 L7a: 2°Pb/**Pb = 15.3 and A66-chond 111 L8: 2*Pb/***Pb =
61.7) were measured in the HF leaching steps.

The entire dataset occupies a triangular field in the **Pb/*°°Pb vs. ’Pb/*°Pb diagram
(Fig. 4). The majority of the data show a positive correlation between **’Pb/**°Pb and

2%pp/2%ph. Some data trend toward a component with an isotopic composition close to the

14
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average modern terrestrial crustal Pb (according to Stacey and Kramers, 1975) used as a
proxy of average Pb composition of the Earth’s continental crust. The distribution of Pb-
isotopic data can be interpreted as a mixing between three Pb components: (1) radiogenic Pb
produced by radioactive decay of U in closed system conditions, represented by projection of
the data array to the y-axis, (2) a component representing an initial Pb composition with an
isotopic composition approximating that of primordial Pb of the Solar System (Tatsumoto et
al., 1973, Blichert-Toft et al., 2010), and (3) terrestrial contamination Pb. The data having Pb
isotopic ratios trending toward the composition of terrestrial Pb are likely to contain
significant amounts of the terrestrial Pb. The latter group includes all data from the first
water+acetone wash, the majority of the second step data (HBr step), several third step data
(HNO; step), one HCI step (A66 chond108-L6) and the two A68 residues. Other fractions
may be also contaminated by terrestrial Pb to a lesser degree, but its detection is less

straightforward.

4.5. U-Pb data from Allende matrix

The complete dataset of the Allende matrix powder and fragment measurements is
available in EA4 dataset of the supplementary material. A summary of the results is presented
in Table 3 and the data are plotted in Figure 5. The data quality was assessed following the
same procedure as for the mega-chondrule A25-2 data. None of the Allende matrix data were
rejected because of analytical reasons (see EA4 dataset in Supplementary Material).

The Pb concentrations range from 0.93 to 21.5 ppm (Table A4c). The blank-corrected
2%pp/2%Pph ratios range from 9.550 to 18.649. Powder fractions and fragment fractions
display different isotopic ratios and chemical compositions. The three powder fractions have
higher 2°Pb/**Pb ratios (11.593 to 18.649) with “*°Pb/**Pb ratios increasing with Pb

concentration. The fragment fractions display lower blank-corrected *°°Pb/**Pb ratios
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ranging from 9.550 to 9.836. These values are among the lowest ratios measured for Allende
matrix (Chen and Tilton, 1976; Tatsumoto et al., 1976; Arden and Cassey, 1984). The

fraction A117-4 has the lowest ratios measured so far in Allende matrix.

4.6. Th-U-Pb distribution in mineral phases

Five olivine crystals, three Cr-spinels and four pyroxene and mesostasis locations were
analysed for Th, U, Yb and Pb concentrations, and Pb isotopic compositions, with SHRIMP-
RG. Ytterbium has similar compatibility to U and Th during crystallisation of parent mafic
melt of the chondrules, but is significantly more abundant, so its distribution helps to verify
distribution of U and Th in the minerals where the concentrations of these elements are close
to the detection limit.

The data are reported in Table 4. In all olivine and pyroxene analyses, the primary beam
was placed near the centres of the crystals and the corresponding spots do not overlap the
surrounding phases (see Fig. A5 in Supplementary Material). Only one spot meant to be in
mesostasis overlaps significantly a neighbouring olivine. Considering placement of the
analysis spots away from grain boundaries, and extensive rastering, it is suggested that most
of the observed **Pb corresponds to initial Pb rather than surface contamination. The Cr-
spinel grains are very small, therefore the SHRIMP spots overlap slightly neighbouring
pyroxenes and possibly mesostasis for one analysis (Cr-sp 4, see Fig. A5 in Supplementary
Material).

The thorium and uranium contents in olivine, pyroxene and Cr-spinel is below 5 ppb,
and in many analyses are below the detection limit of ca. 0.5 ppb. Metosasis contains 19-122
ppb U, and appears to the be the main host of U. Olivine and Cr-spinel have lower average

ytterbium contents (55 ppb and 88 ppb respectively) than mesostasis (1.4 ppm) and pyroxene

(1.5 ppm).
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Olivine and mesostasis contain measurable quantities of 2%pp between 1.5 and 11 ppb,
while in pyroxene and spinel **’Pb is mostly below detection limit. The average **‘Pb
concentration is 3.5 ppb in olivine, and 5.4 ppb in mesostasis. These two minerals are the
main hosts of non-radiogenic Pb, containing of ca. 77% and 23% of the total budget
(estimated from abundances of these minerals, and average “**Pb concentrations).

The Pb isotopic ratios in all minerals analysed by SIMS are not precise enough to
quantify the contributions of radiogenic and non-radiogenic Pb components. However, the
relatively low (and relatively more precise) *’Pb/*Pb ratios in mesostasis indicate the
presence of radiogenic Pb. These results are consistent with observation of Bollard et al.

(2017) that mesostasis is the main host of U (and radiogenic Pb) in chondrules.
5. DISCUSSION
5.1. Efficiency of the step leaching procedure in case of omnipresent non-radiogenic Pb

Three different protocols were applied to the mega-chondrule A25-2 fractions: a five-
step protocol was used for the four A31 fractions, a ten-step for the three A66 fractions, and a
12-13 steps for the two A68 fractions. All fractions processed with the same protocol tend to
yield similar trends of **Pb/**'Pb ratios that is an overall increase of the *°Pb/**'Pb ratios
through the leaching procedure (Fig. 6). The first HF steps (IM HF) tend to have higher
206pp2%pp ratios than the final residues. This has been observed in both single and multi-
chondrules fractions from Allende (Connelly and Bizzarro, 2009). Regardless of the protocol,
a significant amount of Pb with a terrestrial composition is released during the first steps of
leaching up to the 0.5 M HNO; step (Fig. 6). These observations confirm the efficacy of the
step-leaching procedure in separating Pb components present in chondrules, although its

efficiency can depend on a number of factors.
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The observed patterns of Pb, U and Th release, as well as 206pp2%pY, ratios through the
different steps of the leaching protocols (Fig. 6) reflect the abundances of the different
mineral phases present in the A25-2 megachondrule (olivine, clinopyroxene, mesostasis and
spinel) and their content of U, Th and radiogenic and non-radiogenic Pb revealed by the
SIMS analyses. The presence of a terrestrial Pb component in various leaching steps (Fig. 6)
complicates interpretation of effects of the grain size, the nature and strength of acids used for
the leaching steps and the number of steps required.

The proportion of total Pb content released during each step of the leaching procedure
follows a trend for each protocol applied with some differences between the fractions. In the
batch A31, the largest amount of Pb in fine and medium fractions is released in the 0.1 M
HBr step. The coarse fraction released a larger quantity of Pb during the later dissolution
steps. The ***Pb/***Pb ratios of the 0.1 M HBr leaching step in fine fractions that are close to
the modern terrestrial value (Stacey and Kramers 1975) suggest that Pb from terrestrial
contamination is more efficiently removed with 0.1 M HBr if the grain size is smaller (Fig.
6). In subsequent leaching steps, the Pb isotopic composition gradually becomes more
radiogenic.

Fractions in the batch A66 show a more complex pattern of Pb release during leaching,
and greater variations between the fractions. The general trend is, however, similar: most Pb
from fine and medium fractions is released during the early leaching steps (up to 0.02 M HBr,
Fig 6), while the coarse fraction retains Pb more strongly, and releases it in more
concentrated and hotter acids (at the 0.5 M HNO; and 6 M HCl steps, Fig. 6). The **°Pb/***Pb
ratio in the fine fraction gradually increases through leaching (although drops in the residue),

20611 204 . . . . .
whereas the ©"Pb/“""Pb variations in medium and coarse fractions are more erratic.
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The two fractions of the batch A68 show an overall increase of both Pb amounts and
2%pp/2%P ratios, through the entire leaching sequence up to the diluted HF steps regardless
of the grain size (Fig. 6).

Considering that most Pb is released during the earliest acid leaching steps (up to 0.02
and 0.1M HBr), and this Pb has an isotopic composition close to terrestrial Pb, as well as the
absence of easily acid soluble minerals in the megachondrule A25-2, we interpret these
observations as indicating that terrestrial Pb was most abundant, and most labile, in cracks,
joints between mineral grains, and at the surface of the fragments.

Furthermore, faster leaching protocols such as used for the batch A31 produce noticeable
differences between fine and coarse fractions in elemental and isotopic distributions between
the leaching steps, while in the slower protocols (batch A68) this difference almost
disappears. This observation suggests that the step leaching occurs under non-equilibrium
conditions, and the efficiency of Pb component separation is influenced by kinetics of

mineral dissolution.

5.2. Efficiency of acid leaching steps to yield data suitable for Ph-Pb isochron age
determination

In the materials that contain sufficiently radiogenic Pb, the efficiency of removal of other
Pb components by acid leaching steps is assessed primarily by the increase of “°°Pb/***Pb
ratio, which reflects increasing ratio of radiogenic Pb relative to non-radiogenic Pb. This
criterion is, however, inadequate for materials that contain two or more resilient non-
radiogenic Pb components. In order to produce data suitable for age determination, the step
dissolution procedure should be able to reduce a multi-component mixture to a binary
mixture of in-situ grown radiogenic Pb and a single non-radiogenic component with

homogeneous isotopic composition. This is particularly critical for the A25-2 mega-
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chondrule for which up to 85% of the total Pb content present in a given fraction is removed
during the first steps of the leaching procedure (water+acetone and HBr) and yields rather

unradiogenic Pb ratios.

The initial goal of this study was to construct a precise and statistically robust isochron
for the mega-chondrule A25-2 containing at least some highly radiogenic data. However,
since we could not obtain highly radiogenic points, we opted for a lesser goal of constraining
a meaningful binary mixture of radiogenic Pb with significant, but variable, amount of non-
radiogenic Pb. The points that were deemed not fitting the two-component model have to be
removed to produce a reliable isochron.

The data evaluation and filtering process applied to the megachondrule A25-2 dataset
involves several successive steps of isochron regressions and model-date calculations and is
summarised in Table 5. The complete set of isochron and model-date plots, the table with the
data used in the calculations and plots, as well as the list of points included in each
regression, are presented in supplementary material (EA-dataset 5).

As the entire dataset fails to yield a statistically robust isochron (regression 1; Fig. R1 in
EA-dataset 5), the dataset was first screened for the amount of contamination Pb. The Pb
released by the first leachates: water + acetone, dilute HBr, and 0.5 M HNOs3, is dominated,
or heavily affected, by terrestrial contamination as was shown earlier (Fig. 6). Therefore,
these leachates were not considered for the isochron construction (regression 2; Fig. R2 in
EA-dataset 5). As the measured Pb blanks range from 0.5 pg to 1.6 pg, in the next filtering
step (regression 3; Fig. R3 in EA-dataset 5) the fractions that contain less than 4 pg of °°Pb
have been removed. These fractions are most affected by blank uncertainty (Connelly et al,
2017) and are less precise than the other data (see data table in EA-dataset 5). Removal of
very small fractions is, however, inconsequential for the regression quality. In the next step

(regression 4; Fig. R4 in EA-dataset 5), three analyses with extreme U-Pb discordance
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>500% were removed. These data also display low 20pp/2%Ph ratios (see EA-5 in
Supplementary Material). Such an extreme discordance points to the open system behaviour
that is likely to involve gain and/or loss of the parent and daughter atoms, as well as addition
of contaminant Pb. This filtering step considerably reduced the data dispersion (MSWD is
reduced from 382 to 18) and increased precision (from £23 Ma to £5.2 Ma; Fig. R4 in EA-
dataset 5).

In the remaining set of 30 points, the 11 fractions produced by leaching steps in 2.5 M
HCI and hot 6—7 M HCI and HNOj; yielded the lowest model dates between 4542-4562 Ma
(Fig. R4b in EA-dataset 5), which suggests the presence of a small remaining amount of
terrestrial contamination. Elimination of these points leaves a data set of 19 analyses that
consists of three residues from the batch A31, one residue from the batch A66, and all HF
leaching steps. A regression of these data (regression 5; Fig. RS in in EA-dataset 5) yields the
isochron date of 4567.5+4.1 Ma, MSWD=7.2 that passes through the isotopic composition of
primordial Pb (Fig. R5¢ in EA-dataset 5).

To evaluate the cause of the remaining data dispersion, the **’Pb*/**Pb* model dates
calculated from these analyses are plotted in the sequence of leaching steps (Fig. 7). For each
of the five mineral fractions that were leached with HF (A66-108, -111, -121, A68-3, -12),
the model dates increase from the earlier to the later leaching steps, and reach the values of
4571-4572 Ma, distinctly older than the accepted age of Solar System. These variations
closely resemble leaching-induced isotopic fractionation (Amelin et al., 2016) that has been
observed in highly radiogenic systems. The variations between the HF leaching steps are
similar in magnitude, and are induced by the same treatment. These variations are not caused
by the difference between assumed and real initial Pb isotopic composition, as in the latter

case the model dates would have been correlated with the 2°°Pb/***Pb ratios, but in fact no
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such correlation exists. Therefore, we suggest that these variations are related to isotopic

fractionation during the HF leaching steps.

5.3. 27pb/***Ph variations related to leaching-induced fractionation of radiogenic Pb

To negate the detrimental effect of this leaching-induced fractionation, the data for HF
leachates (fractions A66-111, A66-121, A68-3 and A68-12) and for HF leachates and residue
for fractions A66-108, were numerically re-combined. The resulting dataset includes five re-
combined fractions and three residues from the batch A31 (i.e. the same set of data as in
regression 5 but with re-combination of HF leachates) and yields an isochron date (regression
6: Fig. R6 in EA-dataset 5) of 4564.5£7.7 Ma (MSWD=5.1). This date is not statistically
robust as the regression involves a significant excess dispersion of points as expressed by the
MSWD higher than 2. Nevertheless, this imperfect regression appears to pass through the
isotopic composition of primordial Pb (Fig. R6a in EA-dataset 5). A plot of model dates for
that data set shows that the three residue analyses from the batch 31 yield lower **’Pb*/**°Pb*
dates than re-combined fractions (Fig. R6b in EA-dataset 5). Considering shorter leaching
procedure used in the batch A31, we interpret this observation as evidence for the presence of
small residual terrestrial contamination in the A31 residues. By eliminating them from
isochron regression in the final step for filtering out terrestrial Pb component, the resulting
regression (regression 7: Fig. 8 and Figs. R7a,b and ¢ in EA-dataset 5) using the five re-
combined fractions yields an isochron without statistically significant excess scattering that

corresponds to the age of 4568.5+3.0 Ma, MSWD=1.6, probability of fit 0.20.

5.4. Step leaching protocols for future chondrule dating?
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Multi-step leaching in a variety of acids of increasing concentration and temperature thus
allowed complete, or almost complete, removal of terrestrial Pb from the mega-chondrule
A25-2, bringing it closer to a binary mixture of radiogenic and initial Pb that is suitable for
age determination. Gradually decreasing amounts of terrestrial Pb were present in most
leaching steps, and were finally reduced to an insignificant level by leaching in hot
concentrated HNO; and HCI, although in the samples processed with shorter leaching
procedure (batch A31), traces of terrestrial Pb still could be detected even in the residues. All
HF leaching steps in batches A66 and A68 that were applied after HBr, HNO; and HCl
washing appear to be free from terrestrial contamination, but appear to be affected by
leaching-induced fractionation of radiogenic ***Pb and **’Pb. Fortunately this fractionation
can be cancelled by numeric re-mixing of the leaching steps. Despite isotopic fractionation
induced by leaching in HF, we consider application of multiple leaching steps in HF of
increasing concentration essential for confirmation of complete removal of the terrestrial
component. In a general way, this study shows that protocols with a longer sequence of
leaching are more suitable for objects where terrestrial contamination is stubborn.
Nevertheless, only limited separation of radiogenic and initial Pb was achieved during
step leaching. This may be related to the mineralogy of the mega-chondrule A25-2 that is
dominated by olivine which essentially is free of U and Pb, while the chondrule mesostasis
and to a lesser extend the clinopyroxene are the main hosts of both radiogenic and initial Pb,
as also shown by the SIMS analyses, and are the main contributors to the Pb-Pb isochron.
Can this study advise us about the chondrule mineralogy that is most favourable for
precise Pb-isotopic dating, and what dissolution procedures would make the best use of this
mineralogy? This important question is mostly beyond the scope of this study. Answering it
would require determination of the mineral-scale distribution of U, Th and radiogenic and

non-radiogenic Pb isotopes in several chondrules with varying mineralogy and content of
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non-radiogenic Pb, combined with leaching experiments on the same chondrules. Still, we
can present some speculations about the chemical protocol that is likely to work for barred
olivine chondrules. Such a protocol would involve washing the chondrule with the different
acids followed by full dissolution with concentrated HF. This procedure would have the
advantage of removing efficiently terrestrial Pb and avoiding Pb fractionation during
different HF steps. However, this procedure would only be applicable to large chondrules that
can be split into several fractions to yield enough data for isochron construction of sufficient
precision.

SIMS analyses of the mega-chondrule A25-2 showed that the mesostasis and
clinopyroxene are the main hosts of U but also contain non-radiogenic Pb. The presence of
mineral phases containing such a Pb component does not make a chondrule unsuitable for
construction of an isochron. Non-radiogenic Pb was detected at low levels in all minerals in
six chondrules from H5 chondrite Richardton (Amelin et al. 2003), which did not prevent
their successful U-Pb dating (Amelin et al. 2005). Furthermore, most chondrules have
mineralogy similar as those of the mega-chondrule A25-2 (Krot et al., 2009) yet have also
been successfully dated (Amelin et al. 2002, Amelin and Krot 2007, Connelly et al., 2012;
Bollard et al., 2017). Apparently, some yet unrecognized microstructural peculiarity of the

mega-chondrule A25-2 made it unusually retentive of both initial Pb and contaminant Pb.

5.5. Isotopic composition of Pb in the Allende matrix

Since all analysed fractions of the mega-chondrule A25-2 that are available for age
determination contain substantial amounts of initial Pb, construction of a meaningful isochron
requires comprehensive characterisation of initial Pb, and other possible non-radiogenic Pb
components. Along with primordial Pb that is deduced from the isotopic composition of Pb in

U-free troilite nodules in iron meteorites and terrestrial contamination, chondrules can
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contain Pb transferred from the matrix during a metamorphic, metasomatic or impact event.
The presence of high-Ca pyroxene crystals in chondrule mesostasis and sodium-rich nature
for the latter provide evidence for a moderate thermal metamorphism associated with iron-
alkali metasomatism occurring after aggregation of the Allende meteorite (Krot et al., 1995,
1998). Therefore, Pb migration from the Allende matrix to the mega-chondrule A25-2 is
plausible. Measurement of the Pb isotopic composition of the matrix can help detect such a
component.

There is a drastic difference between Pb isotopic systematics of matrix powders and
fragments (Fig. 5a). Three data points of matrix powders plot along the line between
primordial Pb and modern terrestrial crustal Pb. These powder fractions clearly contain
significant contamination, most likely introduced during crushing.

The Pb-isotopic data for the matrix-fragment fractions consist of individually selected
matrix fragments that are visually devoid of CAI and chondrule materials. They were
ultrasonically cleaned from dusty particles and surface contamination (Fig. 5b) and are quite
different in terms of their Pb-Pb systematics. One point (A116-4) plots closer to the line
connecting primordial Pb and modern terrestrial crustal Pb, probably due to a small amount
of contamination with Pb having a similar isotopic composition to that present in the
powders. Six other fragment fractions form a linear array that yields a regression that passes
between the estimates of primordial Pb from Tatsumoto et al. (1973) and Blichert-Toft et al.
(2010), and show no detectable signs of terrestrial contamination.

An isochron regression of the six analyses of fragment fractions yields the date of
4606+29 Ma (MSWD = 0.42, probability of fit: P = 0.79). The younger age limit of the
matrix isochron at 95% confidence level is 4577 Ma, or 10 Ma older than the best estimate of
the time of formation of the CAIs and, by inference, the age of the Solar System

(4567.3+0.16 Ma; Connelly et al., 2012). This anomalously old apparent isochron date of the
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matrix could be related to the presence of pre-solar grains, and/or capture by the matrix
minerals of radiogenic Pb released from CAIs and chondrules early in the history of the
parent asteroid (Amelin 2008). Since the matrix is a mixture of various minerals, both
presolar and those formed in the solar protoplanctary disk, that have various ages and
28U/23U ratios, we suggest that the date yielded by the matrix fragment isochron does not

correspond to any specific natural event.

5.6. The Pb-Pb isochron for the mega-chondrule A25-2 — how reliable?

5.6.1. Unconstrained vs. constrained regression to assumed initial Pb composition

The isochron for five re-combined HF leaching fractions (regression 7; Table 5 and Fig.
8) yields the age of the mega-chondrule A25-2 of 4568.5+3.0 Ma (MSWD=1.6, probability
of fit 0.20). The relatively large uncertainty is a result of a small spread of ***Pb/***Pb due to
co-existence of initial and radiogenic Pb in the main carrier of U and radiogenic Pb: the
chondrule mesostasis. It may be tempting to try to improve precision of the age by including
the data point of initial Pb, and thereby expanding the span of the data, if the exact identity of
initial Pb in the mega-chondrule could be determined. It is commonly assumed (whether
correctly or not) that the initial Pb in the earliest Solar System materials: CAls, chondrules,
and the most ancient achondrites, corresponds to the composition of primordial Pb
determined from analysis of U-free troilite nodules in iron meteorites. In Figure 8b, the
projection of the isochron for the mega-chondrule re-combined fractions (regression 7) is
compared to the isotopic composition of primordial Pb as estimated by Tatsumoto et al.
(1973) and Blichert-Toft et al. (2010), and the analyses of matrix fragments. The Pb isotopic
composition of the Canyon Diablo troilite CDT of Tatsumoto et al. (1973) plots within the
95% uncertainty envelope of the isochron, but the more precise, and analytically more

rigorous estimate of primordial Pb by Blichert-Toft et al. (2010) or similar value from
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Connelly et al. (2008b), as well as the analyses of the matrix, are outside the 95% confidence
uncertainty envelope. The residual non-radiogenic Pb in the re-combined HF leachates is
therefore close to, but not identical, to the current best estimate of the Solar System’s
primordial Pb (as established by Blichert-Toft et al., 2010 and Connelly et al., 2008b).
Therefore, including either primordial Pb, or the matrix analyses in the chondrule regression,
is not justified despite the opportunity to gain up to four times improvement in the age
precision (regressions 8 to 11 in Table 5; Figs R8, R9, R10 and R11 in EA-dataset 5).
Regressions using the same dataset and constrained to CDT and Allende matrix yield ages
distinct by only 0.06 Myrs (Figs. R8 and R11 in EA-dataset 5). Nevertheless, we consider the
unconstrained isochron age of 4568.5+£3.0 Ma the best estimate of the age of the mega-

chondrule A25-2.

5.6.2. Assessing the reliability of the isochron
The wvalidity of this isochron can be estimated using six criteria that Connelly et al.
(2017) formulated for assessment of quality of Pb-Pb isochrons generated by stepwise
dissolution of meteorite materials such as chondrules. These criteria are:
1) The data must define a statistically valid linear array (MSWD < 2, probability of
fit>0.05).
2) The number of analyses defining an isochron should exceed those rejected.
3) The amount of Pb analysed in at least a subset of fractions should be large
enough to be relatively insensitive to the blank correction.
4) The data array should be checked for evidence of mass independent fractionation

that could compromise the calculated radiogenic 2°’Pb/**°Pb.
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5) If there is initial Pb present in the sample, the back projection of the isochron to
non-radiogenic Pb should point to a composition consistent with the earlier
history of the sample or its precursor material.

6) For any sample modelled as being free of initial Pb, the back projection of the
isochron to non-radiogenic Pb should point to an isotopic composition that is
consistent with modern terrestrial Pb.

Our isochron for five re-combined HF leaching fractions satisfies criteria 1, 3, 4 and,
with some reservations, agrees with criterion 5. In the context of this study, the criterion 6 is
irrelevant. The criterion 2 that the number of analyses defining an isochron should exceed the
number of rejected points, however, appears severely violated due to extensive filtering to
eliminate terrestrial contamination. We argue nonetheless that, while this criterion is
generally sensible and useful for evaluation of sufficiently radiogenic Pb-isotopic data sets,
there are cases where its violation is inevitable and/or justifiable. The analyses of the mega-
chondrule A25-2 in this study is one of these cases. The regression is based on re-
combination of 16 analyses, or 23% of the total number of 69, which seems to be a small
fraction. However, the very first filtering step climinates 28 analyses of the earliest leaching
steps (water+acetone and HBr steps) that were designated for removal of the most
conspicuous terrestrial contamination. In many studies, such leachates would have been
discarded without analysis. In this study, they were analysed only to observe the dynamics of
de-contamination, without any intent of including them into the isochron age determination.
The next two filtering steps eliminated (1) very small leachates prone to blank uncertainty
that is a valid analytical filter following the criterion #3 of Connelly et al. (2017), and (2)
leachates with extreme U-Pb discordance suspect for an open system behaviour that we
consider a valid geochemical filter. The number of fractions left after these filtering steps is

30, and more than half of them were used in construction of the final isochron.
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Our data filtering process was based on geochemical and analytical criteria, and does not
require statistical filters, let alone arbitrary cherry-picking of data points. We therefore
suggest that the formal violation of criterion #2 of Connelly et al. (2017) did not compromise

the accuracy of the age in this case.

5.7. Implications of the U-Pb age of the mega-chondrule A25-2

Our preferred interpretation of the 4568.5+3.0 Ma isochron age is that it accurately
(within its uncertainty limits) reflects of the time of the mega-chondrule formation. The way
from the raw data set to this age involved very extensive manipulation of data. No stand-
alone analyses were used in the final age calculation. This is an inevitable result of our
interpretation of the variable dates in HF leaching steps as a being produced by leaching-
induced isotopic fractionation. While we believe that our choices in data filtering and
recombination are the best possible, this level of data manipulation necessarily makes the age
more model-dependent than the ages obtained by direct regressing of highly radiogenic data.
The latter are clearly preferred for construction of the Solar System timescale. Considering
significant model dependence of the age of the mega-chondrule A25-2, we suggest treating
the following discussion as tentative and potentially bearing an additional uncertainty from
the age model dependence.

The Pb-Pb age of the mega-chondrule A25-2 overlaps the average age of CAls in CV
chondrites, and the ages of the oldest single chondrules from the Allende and L3 chondrites
(Connelly et al., 2012; Bollard et al., 2017; Fig. 9). It is, however, distinctly older (at its
lower limit of 4565.5 Ma at 95% confidence level) than the fractions of multiple Allende
chondrules analysed by Connelly et al. (2008) and Connelly and Bizzarro (2009). These two
ages of 4564.46+0.45 Ma and 4564.33+0.81 Ma (Fig. 9, recalculated using the average

28U/AU ratio from the analyses of pooled Allende chondrules; ***U/*°U = 137.786+0.004;
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Brennecka et al., 2015) are clearly younger that those of the CV3 single chondrules (Fig. 9).
This suggests that these two dates were dominated by chondrules of a younger generation.
The age of Allende chondrules fractions of 4565.61+1.00 Ma of Amelin and Krot, 2007 (also
recalculated using ***U/>°U of Brennecka et al. 2015) is, however, consistent with the age of
the mega-chondrule A25-2. In general, published Pb-isotopic data for pooled smaller
chondrules tend to be younger than the ages of individual larger chondrules, suggesting a
possible correlation between the size and age of Allende chondrules as recently proposed by
Bollard et al. (2019).

We, therefore, suggest that large and small chondrules might have formed by two
different thermal events, which could involve similar or different mechanisms of chondrule
formation. Larger chondrules have been formed by a more energetic event than those that
formed the smaller ones. Alternatively, both large and small chondrules could have been
formed during the same continuous thermal event, but the large chondrules formed when this
event reached its maximum intensity around 4567 Ma, then the intensity decreased
progressively, yielding enough energy to produce only small chondrules. Nevertheless, this
interpretation should be considered with caution as it is based on a small number of ages of
individual chondrules.

The average model ***Th/?*U ratio (k = 4.0 + 0.2, 20) calculated from the radiogenic
208pp*206pp* ratios and 2’Pb/*°°Pb model dates in the mega-chondrule A25-2 is similar,
within uncertainties, to the value calculated from Pb isotopic composition of troilites (kx =
3.876 = 0.016; Blichert-Toft et al., 2010) and to the accepted values for the Solar System (x =
3.77, Lodders, 2003, k« = 3.9 £ 0.2; Rocholl and Jochum, 1993). It should be noted that two
Allende individual chondrules C30 and C20 analysed by Connelly et al. (2012), which are
among the oldest dated so far, yield the k values of 4.4—4.5 that are only slightly higher than

k value calculated for the mega-chondrule A25-2 and relatively close to the average solar
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value. The « values in CAls (5.5-7.8, Jacobsen et al., 2008) are significantly higher than in
all studied chondrules. These observations suggest that, despite having the same age, Allende
CAIs and the oldest chondrules either formed in different reservoirs, or experienced different
mechanisms of fractionation between U and Th. These possibilities are not mutually
exclusive. It is likely that the higher temperature that was required for CAI formation caused
Th/U fractionation by partial volatilisation of U, whereas the temperature during chondrule
formation was not high enough to volatilise U, thereby causing chondrules to have Th/U

ratios close to the bulk Solar System values.
5.8. Comparison between Pb-isotopic and Al-Mg ages.

The (Y’ Al/*°Al), ratio of the mega-chondrule A25-2 is (5.4+6.5)x10°. Assuming uniform
distribution of 2°Al with canonical initial (*’Al/*°Al), (Jacobsen et al. 2008), the data
corresponds to a mega-chondrule age of 4565.0+0.8/-00, relative to the age of 4567.3+ 0.16
Ma that is CAI formation (Connelly et al. 2012). The difference between the Pb-isotopic age
of mega-chondrule of 4565.5 Ma and the °A1-**Mg age assuming uniform “°Al distribution at
“canonical” level is 3.5+3.1 Ma. Using instead the initial (*’Al/*°Al), of (1.36+0.72)x107°
proposed by Bollard et al. (2019) for the chondrule-forming region yields the **Al-**Mg age
for the mega-chondrule of 4566.4+0.8/-0, and the difference between Pb-isotopic and “°Al-
**Mg ages of 2.143.1 Ma. This age overlaps the preferred value of the Pb-isotopic age. Our
Pb-Pb and Al-Mg data of the mega-chondrule A25-2 are, therefore, inconsistent with the
hypothesis of an uniform distribution of *°Al in the solar protoplanetary disk. Our data agree
with the difference in initial (*’Al/*°Al), between CAI and chondrule forming regions that

was suggested by Bollard et al. (2019).

6. Conclusions
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The mega-chondrule A25-2, a rare, very large chondrule in the Allende meteorite proved
to be a difficult object to date. It contained a significant amount of terrestrial Pb and almost
inseparable radiogenic and initial Pb. Despite these difficulties, our study using three
different leaching protocols consisting of multiple leaching steps using water, acetone, HBr,
HCI, HNO; and HF allowed us to reduce the complex three-component Pb isotopic mixture
to a binary mixture of radiogenic and initial Pb that yielded a reasonably reliable, even if
relatively imprecise and model-dependent, Pb-isotopic age of 4568.5+3.0 Ma, supported by
directly measured 2**U/*°U. The °A1-**Mg study yielded >’ Al/*°Al ratio of (5.4+6.5)x107° at
the time of the mega-chondrule formation. An agreement between the Pb-isotopic and AI-Mg
ages is achieved using the initial *’A1/°Al in the chondrule formation region proposed by
Bollard et al. (2019), but not using the canonical value.

The age of this chondrule suggests that it belongs to the older generation of Allende
chondrules that formed over the period of time overlapping formation of CAls. Its model
2Th/**U derived from Pb-isotopic systematics is indistinguishable from the bulk Solar
System value, suggesting the lack of volatility-related Th/U fractionation in the region of the
solar protoplanetary disk where this chondrule formed.

Analyses of the Allende matrix that were intended to verify the isotopic composition of
initial Pb in the mega-chondrule A25-2 confirmed the composition of the initial Pb close to
the current best estimate of the primordial Pb of the Solar System, but yielded an isochron
corresponding to the age of 4606+29 Ma that exceeds the age of the Solar System. This
anomalously old apparent date can be related to the presence of pre-solar grains, and/or an

early transfer of radiogenic Pb from CAls and chondrules, and probably does not correspond

to any specific event.
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Figure captions:

Figure 1: Back-scattered electron images of a section of the mega-chondrule and locations of
EDS points. (a) Overview of the texture of a cross section of the mega-chondrule. (b) Details
of a local area of the previous image. The mineral phases present are olivine (Ol),
clinopyroxene (cpx) and mesotasis (meso). EDS points are shown as small ovals. (¢) Details
of the texture of the mega-chondrule. Note the micro-crystalline texture of the mesostasis. In

addition to olivine and clinopyroxene, chromium spinel (Cr-sp) is present in this section.

Figure 2: *%U/*°U ratio of the mega-chondrule (A25-2). Data from previous studies are
shown for comparison. Data from pooled and single chondrules are distinguished. Values of

the 2**U/*U ratio measured in Allende bulk rock are also shown. Data sources: Amelin et al.
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(2010), Brennecka et al. (2010, 2015), Connelly et al. (2012), Goldmann et al. (2015), and

Stirling et al. (2005, 2006).

Figure 3: *’Al/#*Mg vs. 8**Mg plot. Error crosses are given at 26 level. Error envelop of the
regression is plotted at 2¢ level. Reference line corresponding to an initial (*°Al/’Al), of

5.25x107 (initial value for solar system) is also shown.

Figure 4: "Pb/*"Pb vs. ***Pb/**Pb plot showing all data of all steps of the leaching sequence
and residues obtained from the nine fractions of the mega-chondrule. (a): All data are
represented as squares for clarity. Uncertainties are smaller than the symbols. Data points
corresponding to the isotopic composition of average Earth’s modern Pb (Stacey and Kramer,
1975), Canyon Diablo Troilite (data from Tatsumoto et al., 1973) are also shown. (b):
Enlargement of (a) showing the trend of the first steps of the leaching procedure toward the

isotopic composition of average Earth’s modern Pb.

Figure 5: *’Pb/*?Pb vs. 2**Pb/*”Pb plot of the Allende matrix measurements. Fractions with
2%pp/2%Ph ratios higher than 10 (i.e. ***Pb/?Pb < 0.1 on the plot) are the three powder
fractions while the fractions with **°Pb/***Pb ratios lower than 10 are grain fractions. All
dates are calculated using a **U/*°U ratio measured in Allende bulk rock (*U/A°U =
137.751, Amelin et al., 2010). Also plotted the composition of terrestrial Pb according to
Stacey and Kramer (1975) and primordial Pb assumed to be either the composition of Canyon
Diablo Troilite (CDT, according to Tatsumoto et al., 1973) or Nantan troilite according to

Blichert-Toft et al., 2010).
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Figure 6: Assessment of the efficiency of the different acid leaching steps involved in the
three chemical protocols in separating initial, terrestrial and radiogenic Pb components
present in the mega-chondrule A25-2. The percentages of Pb, U and Th removed from

contents as well as the *°Pb/***Pb ratios are shown for each steps of the three protocols.

Figure 7: 2°’Pb*/**Pb* model ages calculated assuming an initial Pb composition similar to
CDT (Tatsumoto et al., 1973). The plotted data are those remaining after the fifth step of data
filtering (residues and HF steps) and are sorted according to the leaching sequence of the

different protocols.

Figure 8:*’Pb/”°Pb vs. **Pb/*®Pb plot showing Regression 7. (a) Plot showing the
recombined HF (L7 and L8) and HF+residue steps of the leaching protocols applied to
fractions A66 and A68. (b) Plot showing the propagation of the regression error envelop
towards the alleged compositions of initial Pb of the mega-chondrule A25-2. These
compositions are CDT (Tatsumo et al., 1973), Nantan troilite (Blichert-Toft et al., 2010) and

Allende matrix (this work).

Figure 9: Comparison of Pb-Pb age of CV3 (including Allende), L3 and CR chondrules.
Average CV3 CAls age is also shown (see text for further details). Filled symbols: ages
calculated with a ***U/*°U ratio measured in the same chondrule. Open symbols: ages

calculated with an assumed 2**U/?*U ratio. Data of Allende chondrules from Amelin and

Krot, 2007; Connelly et al., 2008; Connelly and Bizzarro, 2009; Connelly et al., 2012
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(Allende chondrules) and Bollard et al., 2017 (L3 and CR chondrules). The published ages of
Allende chondrules using an assumed ***U/*°U ratio, were recalculated using a >*U/?°U
ratio of 137.786+0.004 (average value of Allende chondrules according to Brennecka et al.,
2015). The published CR and L3 chondrule ages using an assumed ***U/*°U ratio, were
recalculated using a **U/*°U ratio of 137.794+0.027 (best estimate for the solar system
according to Goldmann et al., 2015). Data of Allende CAls are from Jacobsen et al., 2008;
Amelin et al., 2010 and Yin et al., 2015. Data of CV3 CAls are from Amelin et al., 2002;
Bouvier et al., 2011; Connelly et al., 2012. All the published ages calculated with a ***U/*°U

ratio measured in the same chondrule or CAI were not recalculated.

Table 1: Representative electron microprobe analyses of the main mineral phases present in

the mega-chondrule.

Table 2: AlI-Mg systematics in mega-chondrule A25-2 mineral phases analysed by MC-ICP-

MS.

Table 3: U-Pb systematics from Allende matrix.

Table 4: U-Pb-Th concentrations and **Pb/***Pb and **’Pb/*”Pb isotopic ratios measured by

SHRIMP II in mineral phases and mesostasis from Allende mega-chondrule. The values of

the standards are also given.

Table 5: Summary of the step-by-step process of data filtering and regression construction.
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Table1

Table 1: Represntative compositions of minerals (wt%o).

mineral ol Ca px Cr-spinel  mesostasis
SiO, 37.8 49.7 0.14 49.0
Ti0, b.d. 0.41 0.62 0.59
ALO; 0.05 6.9 23.7 21.0
Cr,04 0.13 1.50 42.9 0.10
FeO 25.2 13.8 24.4 7.0
MnO 0.20 0.24 0.21 0.13
MgO 36.2 19.6 7.3 53
CaO 0.20 7.6 b.d. 12.3
Na,O b.d. b.d. b.d. 2.8
K,O b.d. b.d. b.d. 0.05
total 99.8 99.7 99.3 98.2
Composition'% 719  59.8,16.6

%forsterite, and enstatite and wollastonite contents are shown for

olivine and Ca pyroxene, respectively.

b.d.: below detection limit



Table2

Table 2: Results of Al-Mg isosope analyses using MC-SIMS.

analysis # phase 27A1/24Mg 626Mg (%o)
px#1 high-Ca px 0.415 £0.014 0.006 = 0.101
px#2 high-Ca px 0.261 £ 0.009 0.058 £0.085
px#3 high-Ca px 0.244 + 0.008 -0.003 £ 0.081
px#4 high-Ca px 0.213 £ 0.007 -0.035 £ 0.094
ol#1 olivine 0.00143 £ 0.00005 -0.051 +0.083
ol#2 olivine 0.00128 £ 0.00004 -0.048 +0.083
ol#3 olivine 0.00126 £ 0.00004 -0.054 £ 0.081
sp#1 Cr-spinel 22402 0.051 £ 0.181
Sp#2 Cr-spinel 33+0.3 0.075 +£0.177




Table3

Table 3: U-Pb isotopic data of the Allende matrix fractions

Sample (Radiogenic + Initial Pb) Isotope Ratios

Wt. Pb mol %  Pb* Pbc 206P 2067 Yoerr | 2047 % err 207 % err corr. coef)
Sample me ppm 206Pb* Pbc  ppm  204Pb 204Pb 4 206Pb 4 206Pb 4 7/6-4/6
(@ (b) © @ @ (C)) © (€3] ® (€3) ® (€3] ®

Allende matrix
Al16-1 (powder) 1.41  21.55 0.50 0.46 14.73 18.649| 18.649 0.025 | 0.054 0.025 0.831 0.029  -0.002
A116-2 (powder) 1.19 1.39 0.33 0.24 1.12 13982 13.980 0.021 |1 0.072  0.021 0.928  0.021 0.177
A116-3 (powder) 149  1.06 0.20 0.12 095 11.596| 11.593 0.034 | 0.086 0.034 1.005 0.025  0.302
A116-4 (fragments) 1.58 1.36 0.04 0.02 1.34  9.661 9.658 0.039 | 0.104  0.039 1.088  0.032 0.234
A116-5 (fragments) 0.91 1.50 0.03 0.02 1.47  9.621 9.617 0.045 1 0.104  0.045 1.092  0.024 0.677
A116-6 (fragments) 0.81 1.34 0.03 0.02 132 9.610 9.604 0.063 | 0.104  0.063 1.092 0.028 0.665
Al117-1 (fragments) 0.50 1.23 0.03 0.01 122 9.589 9.578 0.092 | 0.104 0.092 1.094  0.052 0.777
A117-2 (fragments) 0.51 1.19 0.05 0.02 1.16 9.796 9.785 0.099 | 0.102  0.099 1.084 0.047 0.758
A117-3 (fragments) 0.42 1.16 0.05 0.03 1.13 9.849 9.836 0.113 [ 0.102  0.113 1.082  0.060 0.807
A117-4 (fragments) 0.15  0.93 0.03 0.01 0.92  9.596 9.550 0392 | 0.105  0.392 1.095  0.192  0.966

(a) labels for fractions.
(b) Nominal fraction weights.

(c) Nominal U and total Pb concentrations subject to uncertainty of weight.

(d) Pb* and Pbc represent radiogenic and common Pb, respectively; mol % 296pp* with respect to radiogenic, blank and initial common Pb.
(e) Measured ratio corrected for spike and fractionation only.

(f) Errors are 2-sigma, propagated using the algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).

(g) Corrected for fractionation, spike, and blank Pb.




Table4d

Table 4: U-Th-Pb contents and Pb isotopic ratios measured in-situ by SHRIMP II in mega-chondrule A25-2
in the different mineral phases and mesostasis from Allende mega-chondrule

Sample name Concentrations

204pp2%ph 1o err. (%) 27Pb/*Pb 1o err. (%) 2*Pb/2Pb 1o err. (%) ™
Pb (ppm) Yb (ppm) U (ppm) Th (ppm)

Standards

NIST612-1.4 0.0606 6.0 0.9187 29 22042 2.7 - - - -
NIST612-1.5 0.0594 6.1 0.9239 29 2.1851 2.8 - - - -
NIST612-1.6 0.0595 6.6 0.9022 3.1 2.1666 3.0 - - - -
NIST612-1.7 0.0565 6.6 0.8962 3.1 2.1451 2.9 - - - -
NIST612-1.8 0.0594 6.4 0.9260 3.0 2.1508 2.9 - - - -
NIST612-1.10  0.0597 6.1 0.9114 29 2.1558 2.8 - - - -
NIST612-1.11  0.0615 6.1 0.9099 29 2.1590 2.8 - - - -
NIST612-12 0.0600 6.2 0.9008 29 2.1378 2.8 - - - -
NIST612-13 0.0595 6.2 0.9182 29 2.1895 2.8 - - - -
NIST612-14 0.0603 6.3 0.9164 3.0 2.1753 29 - - - -
NIST612-15 0.0611 6.2 0.9103 3.0 2.1464 2.8 - - - -
BCR1.1 0.0543 7.7 0.8581 35 2.0862 3.4

BCR1.2 0.0532 74 0.8344 34 2.0625 32

BCR1.3 0.0529 7.1 0.8180 33 2.0193 3.1

BCR1.4 0.0554 75 0.8289 35 2.0805 3.3 0.6600 35000 1.69006.2000
BCR1.5 0.0558 6.7 0.8240 32 2.0608 3.0

BCR1.6 0.0533 6.7 0.8218 3.1 2.0324 3.1

BIR-1.1 0.0584 575 0.8945 27.1 2.2993 254 0.0107 0.1098  0.0013 0.0030
BIR-2 0.0601 37.8 09116 17.9 1.9439 17.6 0.0230 0.1098  0.0038 0.0030

Analysed phases in Allende mega-chondrule A25-2

olivine

All_Oliv-10.1 0.4663 150.4 0.6446 172.6 2.6463 140.7 0.0031 0.0439  0.0000 0.0000
All oliv-1.1 3.6074 156.9 6.8268 156.2 19.7013 140.9 0.0015 0.0659 0.0013 0.0045
All oliv4.1 0.1412 77.1 1.0162 524 3.0516 48.0 0.0061 0.0659  0.0000 0.0000
All oliv7.1 0.1634 139.3 0.6229 112.6 1.1444 115.7 0.0031 0.0439  0.0000 0.0000
Mesostasis

All Meso-10.1  0.0182 143.7 0.6428 43.0 1.2928 429 0.0015 04613 0.0189 0.1071
All_mesos6.1 0.0394 823 0.7701 33.7 1.4608 343 0.0031 1.0983  0.0403 0.1754
All_mesos7.1 0.0397 574 0.7499 23.8 1.6937 23.0 0.0061 2.3724  0.0643 0.3241
All-meso-9 0.0262 56.0 0.6682 19.8 1.1354 20.8 0.0107 1.8232  0.1223  0.5249
Pyroxene

All-py-1 0.0142 2279 0.7769 574 1.6472 57.9 0.0000 1.4059  0.0050 0.0342
All-py-2 0.1057 168.8 09112 102.5 1.4254 109.7 0.0000 1.2521  0.0000 0.0030
All-py-3 bdl - 0.4481 78.1 1.1692 71.8 0.0000 2.5701  0.0050 0.0327
All-py-5 bdl - 0.9552 105.8 2.1163 103.1 0.0000 0.7249  0.0000 0.0030
Cr-spinel

All-CrSp-3 0.1144 158.5 1.0735 97.4 1.5713 105.7 0.0015 0.0000  0.0000 0.0000
All-CrSp-4 0.0207 3359 1.2064 92.6 2.2311 94.0 0.0000 0.1318  0.0050 0.0164
All-CrSp-2 bdl - 0.9233 136.6 3.1830 122.5 0.0000 0.1318  0.0000 0.0000

bdl: below detection limit



Table5

Table 5. Summary of isochron regressions and model dates

. 3 Isochron +- MSWD PoF Minimum weighted average +/- MSWD PoF ) . R
Regression # points age age 27pp2%ph model ages Data included in regression
1 69 4593 23 584 0 4570 45459 8.0 649 0 |all mega-chondrule data
2 41 4574 21 341 0 4553 45593 6.7 307 0 |The earliest washes (water, acetone, dilute acids up to 0.5M HNO3) are removed
3 33 4577 23 382 0 4554 4560.5 7.5 345 0 |Fractions containing <4 pg 206Pb are removed
4 0 4568.7 5.2 18 0 4563.5 4564.1 1.8 19 0  [Fractions with extreme U-Pb discordance (>500%) are removed
5 19 45675 41 72 0 4563.4 4566.7 13 68 0 [HF leachates and residues
6 8 45645 7.7 57 0 4556.8 4565.8 1.9 50 0 [A66+A68 HF leachates and residues - recombined, and A31 residues
7 5 4568.5 3.0 1.6 020 45655 4566.7 08 16 0.18 |A66+A68 HF leachates and residues - recombined
8 6 4566.7 08 1.6 0.18 4565.9 A66+A68 HF leach. and resid. - recombined + primordial Pb (Tatsumoto)
9 6 45647 2.0 29 0.022 45627 A66+A68 HF leach. and resid. - recombined + primordial Pb (Blichert-Toft)
10 11 45649 14 22 0.018  4563.5 A66+A68 HF leach. and resid. - recombined + Allende matrix fragments (n=6)
11 9 45650 08 22 0018 45642 A66+A68 HF leach. and resid. - recombined + Allende matrix fragments (n=4) with most primitive Pb isotopic composition.
101 3 4371 150 122 0 4221 Allende matrix - powders
101 7 4597 180 22 0 4417 Allende matrix - fragments - all
102 6 4606 30 030 079 4576 Allende matrix - fragments - A116 5,6, A117 1-4.
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Figure 8
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Figure 9
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