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ARTICLE INFO ABSTRACT

Associate editor: Tomohiro Usui The thermal history of asteroids is recorded by the radioisotopic ages of meteorites that derive from them.

Radioisotopic ages may date a number of events, such as the cooling of a parent body during waning radiogenic

metamorphism, rapid cooling experienced upon parent body break-up, and/or subsequent collision-induced

reheating of material. However, sampling statistics for meteorite radioisotope ages are currently relatively low

Bombardment and most are derived from analyses of bulk material, therefore lacking the in-situ microtextural context that

L chondrites aids in distinguishing collisional events. Here, we present new in-situ apatite U-Pb ages for nine L chondrite

Meteorites meteorites using secondary ionisation mass spectrometry.

U-Pb geochronology Our measurements greatly expand the L chondrite phosphate U-Pb age record and provide evidence for distinct

stages in the thermal evolution of the L chondrite parent asteroid, including: early collisions driving parent
body fragmentation- and/or exhumation-associated cooling at > 4530 Ma; onion-shell-style cooling with waning
radiogenic metamorphism until 4500 Ma; late collisional reheating from 4480-4460 Ma; parent body break-up
at 474 +22 Ma; and recent ejection events within several 10s of Myr of present day. We show that meteorite shock
stage correlates with upper intercept age but is uncorrelated with lower intercept age. This outcome links the
upper intercept ages alone to the preserved high-energy impact-related features in strongly shocked meteorites,
which has important implications for our interpretation of the L chondrite U-Pb record.
We see no evidence in our record for collisional episodes between 3000-4400 Ma, i.e., the Late Heavy
Bombardment. Our upper intercept age record hints that collision rates changed as a result of some dynamical
instability at 4460-4480 Ma, which may have strongly depleted the main asteroid belt, and/or that L asteroid
physical structure changed such that the shock metamorphic response to collisions was muted after this time,
e.g., by the formation of weak rubble pile bodies. L chondrite phosphate U-Pb ages provide evidence for a
heterogeneous early and shared late (less than 500 Ma) thermal history for the majority of L chondrite meteorites
falling to Earth today. From this observation, we infer that most L chondrites derive from a single parent asteroid
(in existence from around 4500-4440 Ma to 474 + 22 Ma), which has since been disturbed to create an asteroid
family. Our record of meteorite U-Pb ages traces out the thermal and dynamical evolution of the L chondrite
asteroid. These observations can be used in future to benchmark dynamical models of Solar System evolution.
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1. Introduction

A record of the timing and nature of asteroid collisions is delivered
to Earth today by meteorites (Dodd and Jarosewich, 1979; Haba et al.,
2019; Walton et al., 2022). Meteorites preserve both mineral features
that evidence the passage of shock waves and radioisotopic ages that
trace thermal evolution over time. This meteorite record of asteroid col-
lisions represents an invaluable empirical constraint on the dynamical
evolution of the Solar System, which allows models of planetary or-
bital evolution to be tested (Nesvorny et al., 2002; Bottke et al., 2015)
and the timing of the delivery of a late veneer of volatiles and highly
siderophile elements to Earth (Schlichting et al., 2012; Budde et al.,
2019). However, meteorites often contain minerals recording complex
radioisotopic ages.

Asteroid geochronology is assessed by analysing the radioisotopic
compositions of either whole rocks or specific minerals, which accumu-
late daughter isotopes as long as the phase of interest remains below the
closure temperature for daughter-isotope diffusion. Radioisotopic ages
in meteorites are therefore largely a record of asteroid thermal evolu-
tion. Radiogenic heating will occur through the decay of short-lived
radionuclides during an era of parent body thermal metamorphism.
As heating from short-lived radionuclides wanes, cooling ages will se-
quentially be recorded in minerals/rocks according to their respective
closure temperatures and sample location within the asteroid. The cen-
ter regions will remain hotter for longer than the outside, creating an
age distribution of radiometrically younger material with depth, i.e., an
onion-shell structure (Taylor et al., 1987; Gopel et al., 1994; Trieloff
et al., 2003; Gail and Trieloff, 2019; Hellmann et al., 2019).

Collisions may superimpose significant heterogeneity on this sim-
ple onion-shell age structure (Davison et al., 2013). Collisions add heat
to the asteroid, which allows partial or full reset of previously closed
mineral/rock radioisotope systems. Equally, a collision may exhume
material that was above its closure temperature to near or at the as-
teroid’s surface, where it may then quickly cool below its mineral/rock
closure temperature. Finally, collisions driving textural modification of
the asteroid at a meso- and micro-scale, altering the thermal proper-
ties of asteroid material and the micro-structure of individual minerals
(Darling et al., 2016). As examples of the potential complex age struc-
tures that collisions may produce: if a collision occurs when much of
a parent body remains hot, material exhumed from depth to a newly
shallow location will, upon cooling, record an anomalously young age
for its petrologic type; conversely, if a collision occurs after a parent
body has already cooled, material reheated above its closure tempera-
ture by the collision will record an anomalously young age among all
petrologic types.

Some isotopic dating systems employing bulk sample analyses yield
complex age distributions consistent with multiple episodes of open sys-
tem behaviour, e.g., Ar-Ar, Righter et al. (2015). In-situ analyses offer
the advantage of correlating age information with specific microtextu-
ral or microstructural information, which can help to filter, interpret,
or otherwise contextualisecomplex datasets. However, whether in-situ
or bulk dating methods are employed, the reconstruction of asteroidal
thermal history remains challenging. Different minerals and parent-
daughter isotope systems will be more or less well suited to disentan-
gling the heterogeneous age distributions of meteorites.

The apatite uranium-lead (U-Pb) system in particular has great po-
tential as a collisional thermochronometer, due to: (1) the ubiquity of
apatite with detectable U and Pb concentrations in many meteorite
classes (Jones et al., 2014, 2016), e.g., whilst apatite is generally ab-
sent in type 3 ordinary chondrites (Walton et al., 2021), it is present in
chondrite petrologic types 4, 5 and 6; (2) typically sufficient grain size
to obtain multiple in-situ analyses within an individual apatite grain;
(3) generally low common Pb in chondrites; having a moderate closure
temperature (apatite: 773 K, Blackburn et al. (2017)), demanding ei-
ther short-lived high-temperatures or geological timescales of moderate
heating (Blackburn et al., 2017) to fully reset; (4) the ability of a suite of
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grains to record multiple stages of thermal processing, and therefore to
untangle complex thermal histories (Mezger and Krogstad, 1997); and,
finally, (5) grain-specific occurrence of microtextures (e.g., fractures)
which have been shown to correlate with U-Pb isotope ratios, permit-
ting detailed interpretation of upper and lower intercept U-Pb ages on
concordia diagrams (Walton et al., 2021, 2022).

Indeed, the use of microtextures to discriminate between compet-
ing interpretations of complex U-Pb data reinvigorates asteroid ther-
mochronology as a benchmark of astrophysical models of the dynamical
history of the Solar System (Darling et al., 2016; Cernok et al., 2021).
Crucially, meteorite phosphate U-Pb ages may be able to robustly record
collisions at four distinct epochs of Solar System history: > 4530 Ma:
Initial asteroid assembly, concurrent with parent body radiogenic meta-
morphism; 4530-4500 Ma: Asteroid disruption and the start of rubble-
pile body formation at around 4530-4500 Ma; 4400-4500 Ma: Possible
late dynamical changes (Bottke et al., 2015; Mojzsis et al., 2019); and
4440-0 Ma: Random disrupting collisions (Vokrouhlicky et al., 2017;
McGraw et al., 2018; Walton et al., 2022).

Despite this great potential, currently available phosphate U-Pb age
sampling statistics are insufficient to resolve the details of collision his-
tories witnessed by individual parental asteroids and their derivative
families. The L chondrites are the most common undifferentiated mete-
orites in our museum and lab sample collections, sampling a wide range
of collision-induced pressure-temperature histories, superimposed on
the background thermal history of the parental L asteroid(s) that is un-
related to shock reheating or disruption-induced cooling (Edwards and
Blackburn, 2020). The enrichment of ancient sedimentary rocks (mid-
Ordovician limestone, Kunda stage) on Earth in L-type meteorites also
indicates their continued disruption over Solar System history (Schmitz
et al., 2019). Resolving the U-Pb age distributions of the L chondrites
is therefore a priority for unpicking the collision history of the Solar
System, which links together important observations, models, and in-
terpretations from astronomy, geology, and meteoritics.

Here, we present in-situ secondary ion mass spectrometry (SIMS)
analyses of apatite U-Pb ratios for nine L chondrite samples from mu-
seum collections. The specimens from which samples have been pre-
pared were recovered at various points in time - from over 150 to less
than 20 years ago. All U-Pb ages are determined by regression analy-
sis of spot analyses of phosphate grains in each meteorite. Efforts were
made to obtain multiple spots on individual grains in each case (for
exact statistics per sample, please consult File S1). We present micro-
textural information to contextualise and properly filter U-Pb age data.
Samples include weakly shocked through to strongly shocked mete-
orites (see Methods; Table 1). Our results more than double the number
of published phosphate U-Pb SIMS ages for L chondrites, creating the
first statistically meaningful population of SIMS U-Pb ages for mete-
orites derived from a common parent asteroid.

2. Samples and methods
2.1. Sample selection and microscopy

Nine L chondrite samples were selected on the basis of low weather-
ing stage (less than W3; including 4 falls — Chateau-Renard, Kyushu,
Monze, and Peace River) and shock stage (spanning S2 to S6). Pol-
ished uncovered thin sections from the Natural History Museums of
London, Cambridge (Sedgwick Museum of Earth Science), and Vienna
were investigated by optical microscopy for petrographic features con-
sidered in published shock stage classification schemes (Stoffler et al.,
1991, 2018). Sections were then characterized by Scanning Electron
Microscopy (SEM) on a Quanta 650 at the University of Cambridge.
Backscattered Electron (BSE) images and elemental maps using Energy
Dispersive X-ray Spectrometry (EDS) were collected for each sample
in order to identify the distribution of key phases and provide con-
text for higher-magnification analyses. Apatite (Cas(PO,4);[OH, CLF])
and merrillite (CagNaMg(PO,);) were distinguished on the basis of EDS



C.R. Walton, H. Jeon, A. Cernok et al.

measurements in point mode, with 10 s spectral acquisition times,
based on the abundance of P, Ca, Na, Mg, and Cl. Panchromatic SEM-
Cathodoluminescence (CL) images were collected on selected phosphate
and plagioclase grains previously imaged in BSE, in order to obtain an
initial view of crystal structure variability (crystallinity, evidence of re-
crystallisation, etc.) across the sample.

Lattice orientation, internal microtexture, and structural disorder
of selected phosphate minerals were studied by electron back-scatter
diffraction (EBSD). EBSD analyses wereundertaken using Oxford Instru-
ments Nordlys-nano EBSD detector mounted on the Zeiss SEM EVO
MA10 SEM fitted with a LaB6 electron source at the University of
Portsmouth, UK. Data were processed using Oxford Instruments Aztec
software, and then further analysis of EBSD data was undertaken using
the Channel 5 software suite. Pole figures for merrillite were scaled for
whitlockite.

Diffracted electrons were collected at a tilt angle of 70°, using a pri-
mary electron beam with 20 kV accelerating voltage and 1 nA probe
current in variable-pressure mode (N, was used to maintain chamber
pressure of 20-30 Pa), following the approach of Darling et al. (2016).
Diffraction patterns were automatically captured and indexed every
50-500 nm across manually defined areas. Apatite diffraction patterns
were indexed to the chlorapatite crystal lattice parameters of Hughes
et al. (1989). Merrillite was indexed against the trigonal crystal pa-
rameters of Xie et al. (2015). Wild spike reduction was conducted on
all datasets. We iteratively performed zero solution removal up to 4
neighbours to clean datasets. Clear cases of incorrect 180° rotated ori-
entations were manually reversed.

2.2. Apatite U-Pb analysis by SIMS

We exclusively targeted apatite in this study, confirmed before-
hand during SEM + EDS sessions. All thin sections were coated with
a ~ 30 nm layer of gold. U-Pb dating of apatite was carried out using
CAMECA IMS 1280 ion microprobes at the Institute of Geology and Geo-
physics at the Chinese Academy of Sciences (IGGCAS) in Beijing and the
NordSIMS facility at the Swedish Museum of Natural History. Beenham
and Chateau-Renard were analysed at IGGCAS and the other samples at
NordSIMS largely following the methods described by Li et al. (2012)
and Cernok et al. (2021), respectively. Sample Pb/U ratios were cali-
brated against the NW-1 apatite standard (1160 +5 Ma, 2 o) using a

X i 206 py* R
power law relationship between measured 5" (where * denotes the

radiogenic fraction) and U—l? (IGGCAS) or l;—b and UO, /U ratios (Nord-
SIMS).

The duoplasmatron-generated O primary ion beam was accelerated
at ~ 13.8 kV and illuminated through an aperture to create a 10 x 15 pm
spot with a current of 10-12 nA at IGGCAS and 13 kV with a cur-
rent of 1.7-5.3 nA at NordSIMS. The Hyperion H201 RF Plasma source
was used to generate a critically focused O primary beam with 13 kV,
which was tuned to 1.7-5.3 nA and rastered over an area of 5 X 5 pmm
during analysis at NordSIMS.

Multi-collector mode was used at IGGCAS, with 2%4Pb*, 200Pp+, and
207ph* were simultaneously collected detected with electron multipliers
L2, L1 and C, respectively. Then 23¥U*, and 2*2Th'°0+, 233U'60* and
238U]°O;r (Li et al., 2012) detected with L1, H1, and H2, respectively on
peak hopping. Mono-collector mode was used at NordSIMS: all species
were measured on a single multiplier. The “°Ca3'P'60} peak was used
as a reference peak for centering the secondary ion beam as well as
for making energy and mass adjustments on both instruments. Data re-
duction was performed using in-house developed software at NordSIMS
and the Excel add-in Isoplot. Final reported U-Pb concordia intercept
ages were calculated using IsoplotR (Li et al., 2012; Vermeesch, 2018).
Further details can be found in (Zhou et al., 2013).

In making analyses, we targeted grains that lacked visual evidence
of containing inclusions of other phases — aiming to eliminate contam-
ination of Pb from non-phosphate phases. As an extra check, for each
analysis we monitored CaPO count rates, to ensure that the integrated
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U and Pb counts were coming from phosphates and not other included
phases. For all analyses, we pre-sputtered grains with the ion beam for
80 s to remove the Au coat and minimise surface contamination prior
to data collection. Where detected with the 2°*Pb beam, a common Pb
correction was applied assuming a present day Stacey-Kramers compo-
sition (Stacey and Kramers, 1975; Unruh, 1982). High common-Pb spot
compositions that correct poorly (around > 15% common Pb on the ba-
sis of 204Pb), were excluded from regression analysis.

We also intentionally targeted both pristine and fracture-damaged
regions of phosphate grains, aiming to place multiple spots on any
given studied grain. This decision was made on the basis that fracture-
damaged grains show the most discordant U-Pb isotopic compositions
in previous in-situ U-Pb studies of chondritic phosphates (Walton et al.,
2022). In order to ensure that results from NordSIMS and IGGCAS
are comparable and reproducible when using our analytical approach,
we repeated our previously published analysis of our sample of the
Chelyabinsk light lithology (Walton et al., 2022) with the IGGCAS in-
strument at NordSIMS, targeting both pristine and fractured phosphate
domains — some that had been previously analysed and others that were
completely fresh.

2.3. Compilation of meteorite shock age and shock stage data

Textural evidence of ancient collisions is often classified using the
shock stage scheme (Stoffler et al., 1991; Fritz et al., 2017; Stoffler et al.,
2018; Baziotis et al., 2023), and provides some context for age data
obtained from a given sample. We applied a set of classification rules
to our samples and literature data that are of specific relevance to the
phosphate U-Pb system.

Petrologic type 7 and impact-melt samples are assigned shock stage
6 (highest possible; note that this supersedes annealing effects that may
result in low shock stage if judged solely on the basis of e.g., silicate
mineral features); more recent classifications take precedence, owing to
the advancement over time in both the classification scheme itself (Stof-
fler et al., 1991, 2018) and the methods available with which to assess
shock-related mineral features. Samples with spatially variable shock
stage (e.g., S4-6 samples, such as Chelyabinsk) are given a single shock
stage classification of 5, on the basis that observations to date suggest
a comparable outcome for the apatite U-Pb system in S4-6 breccias as
in meteorite samples that are uniformly S5 (Walton et al., 2022). This
is likely due to the fact that, whilst not texturally equilibrated, the dif-
ferent lithologies of melt-bearing S4-6 breccias thermally equilibrated
during the long tail of post impact cooling, sufficient to reset U-Pb ages
throughout the rock (Walton et al., 2022).

Applying the above rules, we then group meteorites into strongly
shocked (greater than S4) and weakly shocked (S4 and lower). This
split approximates the conditions above and below the threshold for
significant phosphate Pb age resetting, as determined on the basis of
Pb diffusion modelling (Blackburn et al., 2017). Our approach simpli-
fies the presentation of the shocked meteorite record and provides a
logical and coherent basis on which to define, compare, and interpret
sub-groups of phosphate U-Pb ages. Details of shock stage information
for each sample either newly studied here or considered in our meta-
data analysis are summarised in Table 1. We use a condensed format
that conveys the details given in Stoffler et al. (2018). A succinct sum-
mary of the classification criteria is presented below.

Effects resulting from local pressure-temperature excursions, with
onset at S3, are grouped into categories M1-3: [M1] opaque shock
veins; incipient formation of melt pockets (S3); [M2] melt pockets,
interconnected melt veins; opaque shock veins (S4); [M3] pervasive for-
mation of melt pockets, veins, and dikes, opaque shock veins (S5 and
above).

Shock features recorded by olivine, with onset at S1 and increment-
ing in line with overall shock stage, are grouped into categories O1-7:
[O1] sharp optical extinction; [02] undulatory extinction; [03] pla-
nar fractures; [04] weak mosaicism; [0O5] strong mosaicism; [06] local
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Table 1
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Shock-feature classification of L chondrites: Features reported in the literature are referenced. The symbol ‘*’ denotes observations made in the course of this work.
The symbol ‘X’ denotes a classification by inference made in this work on the basis of literature reports. The symbol ‘-’ denotes any feature not reported. LIM: L-type
impact melt. All shock stages are reported according to the convention of Stoffler et al. (2018). Shock classification types M and O — derivative of Stoffler et al.

(2018) - are detailed in the Methods. Rwd: ringwoodite. Wds: wadsleyite. Jd: jadeite. Brg: bridgemanite.

Sample

Shock stage (S1-7)

Melt features (M1-3)

Olivine features (01-7)

High Pressure Phases (HPPs)

This work
Chateau-Renard (L6)
McKinney (L4)
Alfianello (L6)
Peace River (L6)
Kyushu (L6)

Monze (L6)

Lincoln County (L6)
Beenham (L5)
Indianola (L5)

Literature

NWA 11042 (LIM)
Novato (L6)
Sahara 98222 (L6)
NWA 7521 (LIM)
Suizhou (L4)
Sixiangkou (L5)
Knyahinya (L5)
Ausson (L5)
Homestead (L5)
Barwell (L6)
Ladder Creek (L6)
Bruderheim (L6)
ALH 85026 (L6)

S5 (Baziotis et al., 2018)
S5 *

S5 (Gattacceca et al., 2014)
S5 *

S5 (Bischoff et al., 2018)
S4 (Xie et al., 2001)

S4 (Bischoff et al., 2018)
S3 (Bischoff et al., 2018)
SS *

S6 | S5 (Wu and Hsu, 2019)
S4-6 (Yin et al., 2014)

S4-6 (Bischoff et al., 2018)
S6 | S4-6 (Li and Hsu, 2018¢)
S4-5 (Xie et al., 2001)

S5X

S4 (Gyollai et al., 2009)

S3 (Gattacceca et al., 2014)
S4 (Gattacceca et al., 2014)
S3 (Gattacceca et al., 2014)
S$2-3 (Blackburn et al., 2017)
S4 (Blackburn et al., 2017)
S4 (Blackburn et al., 2017)

M3 (Baziotis et al., 2018)
M3 *

M2 *

M3 *

M2 *

M2-3 (Bischoff et al., 2018)
M1 (Bischoff et al., 2018)
M1 *

M1 *

M3 (Wu and Hsu, 2019)
M3 (Yin et al., 2014)
M2 (Yin et al., 2014)
M3 (Li and Hsu, 2018¢)
M2 (Li and Hsu, 2018a)
M3 (Li and Hsu, 2018b)

M1 (Blackburn et al., 2017)
M1 (Blackburn et al., 2017)

05 (Baziotis et al., 2018)
03 (Baziotis et al., 2018)
04-5 *

05 (Wu and Hsu, 2019)

04
04 (Li and Hsu, 2018a)
04 (Gyollai et al., 2009)

02-3 (Blackburn et al., 2017)
04 (Blackburn et al., 2017)
02-3 (Blackburn et al., 2017)

Rwd, Wds (Baziotis et al., 2018)

Rwd (Wu and Hsu, 2019)

Wds, Jd (Yin et al., 2014)

Rwd, Brg (Li and Hsu, 2018a)
Rwd, Jd (Li and Hsu, 2018b)

Marion (L6) S$2-3 (Blackburn et al., 2017) -

melting and recrystallisation of olivine; [O7] whole-rock melting. The
presence/absence of high-pressure-phases (HPPs) is also noted.

For samples with complex shock histories that can be placed into a
robust sequence, the chronology of shock stages achieved by the sample
are indicated as follows: S6 | S5, i.e., first S6 (whole-rock shock-melting)
then, at some later time, shocked again to S5 (partial shock-melting).

2.4. Statistical comparison of U-Pb age distributions

A key part of this study is evaluating whether U-Pb ages from dif-
ferent groups of meteorite samples have the same age distribution. To
perform this test, we calculated the maximum difference between the
empirical cumulative distribution functions for different populations of
ages, and applied the 2-sided Kolmogorov-Smirnov (KS) test to calcu-
late a p-value from this. The null hypothesis being tested is that the
observed data populations are drawn from the same underlying distri-
bution.

Some level of difference would be expected between samples from
two identical populations not only due to finite sample sizes, an effect
the K-S statistic is designed to capture, but also due to the measurement
error on the data, an effect the standard K-S statistic does not capture.
We account for this fuzziness in the statistic by re-sampling the individ-
ual data points according to their uncertainty to create new samples of
the populations, these are then randomly shuffled, and split to create
two new sample groups for re-application of the KS test. This was per-
formed 10,000 times. By assessing the proportion of these randomised
populations that gave KS statistics higher than the original KS value, we
determined the probability of the null hypothesis being true, i.e., that
the observed populations, now accounting for measurement error, are
the same as one another.

For statistical comparison, samples were initially split into strongly
(>=S5) and weakly (<= S4) shocked groups, on the basis that this de-
marcates the boundary for significant perturbation of phosphate U-Pb
upper intercept ages (see above for further details). We further divide
samples on the basis of their petrologic types. L6 samples are the most
heavily sampled type of L chondrite for phosphate U-Pb and Pb-Pb ages
((Blackburn et al., 2017), Table 1). Given that samples of similar petro-
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logic type must have experienced similar histories of parent body ther-
mal metamorphism — not withstanding subsequent shock processing —
we define two L6 groups, one of weakly and one of strongly shocked me-
teorites. Owing to small sampling statistics (n =4) for strongly shocked
samples of lower petrologic type, we group non-L6 meteorites together
(i.e., L4, L5, and L7) and divide between weakly and strongly shocked.
By comparing these L chondrites sample groups, we can gain insight
into the degree to which shock history results in statistically signifi-
cant differences in radiometric reset (i.e., thermal) history recorded by
otherwise similar groups of L chondrites. Details of all samples stud-
ied including sample IDs and observed shock features are provided in
Table 1.

3. Results
3.1. U-Pb isotope analyses

Extended details of U-Pb isotopic data generated in this study are
presented in the Supplementary Material (Table S1) - including a com-
parison of the analysis of Chelyabinsk (LL5) at NordSIMS to previously
published results in Walton et al. (2022), which shows that the two
data-sets yield identical upper and identical lower intercept ages, within
error. This outcome supports inter-lab comparability of our results. Our
samples are largely clean with respect to common Pb (f,ps < 1%). In
many cases 2*Pb, a non-radiogenic Pb isotope, was not detected (analy-
ses recording ***Pb intensities at < 3x the average detector background,
compared to signals on 2°°Pb many times the detector background).
Where common Pb was detected, correction assuming a terrestrial com-
position was successful, i.e., producing compositions within 2 ¢ error
of concordant or lying along the same single linear regression line as
spot compositions where common Pb was not detected (see Supplemen-
tary Material Table S1). Common-Pb-rich compositions plot close to the
terrestrial common Pb composition of Stacey and Kramers (1975) (Sup-
plementary Figs. S1-S6).

Fig. 1 shows all in-situ U-Pb data generated in our study plotted
on Wetherill concordia diagrams. All of our L chondrite samples re-
turn some concordant compositions except for Chateau Renard (L6,
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C

Beenham (L5, S3)
Intercepts at P
4495 + 15 s
410 = 109 Ma

76 = 16

MSDW = 0.82 ¢
n=12

Chateau-Renard (L6, 54-6)
Intercepts at

478 *+ 37 Ma

Alfianello (L6, S5)
Mean of all spot ages:
4513 + 11 Ma

MSDW = 0.80
n=7

Monze (L6, S5) //
Intercepts at L,
4499 + 6.4 2

566 + 140 Ma

4504 = 18

206Pb/238u

Kyushu (L6,
Intercepts at

S5)
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Fig. 1. Concordia plots of apatite U-Pb compositions in L chondrite meteorites. Each data point is shown with 2 ¢ error ellipse.

S4-6; Fig. 1b) in which we only found discordant grains. This spread
of Pb/U ratios enables us to calculate upper and lower concordia inter-
cept U-Pb ages for all of the meteorites analysed. Data from any given
sample fall along a single linear array, yielding well-constrained upper
intercept ages (2 ¢ uncertainty of around 10-20 Myr) and moderately-
to poorly-constrained lower intercept ages (2 ¢ uncertainty of around
10-100 Myr).

The exception to this pattern is Alfianello (L6, S5), for which data
are mostly within error of concordant and yet are systematically offset
in the direction of Pb-gain, i.e., displaying slight reverse discordance.
Only one data point is resolvably discordant, i.e., not within 2 ¢ error
of the concordia and located in discordant phase space. In this instance,
we report the youngest concordant 2203681:}’, following
Li and Hsu (2018a).

Other samples also display slight reverse discordance, but only along
the same linear array as spot compositions that show normal discor-
dance, i.e., the U-Pb compositions of phosphates we have studied,
where they show sufficient scatter to be regressed, do not significantly
deviate from lying along a single linear array (MSWD ranges from
0.45-1.3). Reverse discordance may represent some unknown process
of Pb-gain or U-loss, perhaps related to the same event(s) that cause
Pb-loss and normal discordance. This would be consistent with our
previous study of Chelyabinsk (LL5), where apatite grains with visi-
ble fracture-damaged domains were found to be either discordant or
reversely discordant (Walton et al., 2022). Our new results therefore
suggest a role for local grain environment in the origin of discordance
in ordinary chondritic apatite grains in general.

207
Pb .
6py age instead of
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3.2. Regression of U-Pb data: upper intercept ages

We calculate both concordia intercept U-Pb ages, using all data (af-
ter filtering), as well as weighted mean Pb-Pb ages using only data that
are concordant within error. In all cases, we find that concordia in-
tercept U-Pb and weighted mean Pb-Pb ages are within error of one
another (see Supplementary Material Table S1). This result suggests that
ages measured with in-situ SIMS and bulk phosphate isotope-dilution-
thermal-ionisation-mass-spectrometry (ID-TIMS) may be comparable.
Fig. 2 presents the upper intercept ages calculated in the present study
in context of previously published SIMS and ID-TIMS ages. These ages
are plotted separately; no results obtained with different techniques
have been combined or averaged.

In order to interpret phosphate U-Pb ages, it is crucial to determine
whether or not there are any apparent relationships between indicators
of meteorite shock metamorphism (shock stage) and preserved phos-
phate U-Pb ages. We group our samples into weakly (< S4) and strongly
(> S5) shocked (Fig. 4). This division captures the distinction between
samples that preserve petrological evidence of shock heating consistent
with the conditions needed to reset the phosphate U-Pb system, i.e.,
shock stage 5 and above (see methods and previous subsection). We find
that weakly shocked meteorites preserve upper intercept U-Pb ages con-
sistent with the end of parent body radiogenic metamorphism, i.e., for
the L chondrite parent body, around 4550-4500 Ma (Blackburn et al.,
2017; Edwards and Blackburn, 2020). Importantly, this result demon-
strates that the phosphate U-Pb system as measured by SIMS returns
U-Pb ages consistent with Pb-Pb ages calculated from ID-TIMS analyses
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Fig. 2. Upper intercept phosphate U-Pb and Pb-Pb ages of L chondrite mete-
orites: Samples are in descending order of calculated upper intercept U-Pb age.
] ID-TIMS
are denoted by the symbol ©® and SIMS results denoted by the symbol ¥ - Al-
fianello only. All other ages are ";T?;’ ages. Literature results are included from
Yin et al. (2014); Li and Hsu (2018a,c,b); Wu and Hsu (2019); Blackburn et al.

(2017); Gopel et al. (1994); Ozawa et al. (2007).

of whole phosphate grains from petrologically comparable meteorite
samples.

Strongly shocked meteorites return phosphate U-Pb upper intercept
ages that range from older to younger than weakly shocked meteorite
ages. Shocked meteorite U-Pb ages sparsely sample the period of time
from 4600-4500 Ma but sample the period of time 4500-4450 Ma
with comparatively high frequency. One sample, McKinney (L4) re-
turns an upper intercept age (4567 +20 Ma) that is among the oldest
phosphate U-Pb or Pb-Pb ages ever reported (Gopel et al., 1994; Terada
and Bischoff, 2009; Yin et al., 2014; Blackburn et al., 2017; Li and Hsu,
2018a,c; Edwards and Blackburn, 2020; Walton et al., 2022).

Statistical tests demonstrate with a high degree of confidence (p =
0.05) that highly and weakly shocked L chondrite U-Pb upper inter-
cept populations are not drawn from the same underlying distribution
(Fig. S7). This outcome holds true when comparing sub-populations
of weakly and strongly shocked meteorites, e.g., weakly vs. strongly
shocked L6 chondrites, or weakly vs. strongly shocked non-type-6 L
chondrites (Fig. S7).

3.3. Regression of U-Pb data: lower intercept ages

Fig. 3 presents lower intercept U-Pb ages for all samples for which
observed discordance permits the calculation of a statistically valid lin-
ear regression (Vermeesch, 2018). In cases where there is only weak
discordance, the error on the lower intercept is large. This follows from
the expected behaviour that including strongly discordant grains in a
regression — if laying on the same linear array — will greatly increase
lower intercept age error precision and accuracy, e.g., as demonstrated
by our previous analyses of the Chelyabinsk meteorite (Walton et al.,
2022). We can be confident that the lower intercept ages recovered in
this study are meaningful for two reasons. First, our lower intercept ages
are calculated using broadly normally discordant data that is unlikely
to result from contamination (Unruh, 1982). Second, these lower inter-
cept ages are within error of ancient sediments on Earth that are known
to be strongly enriched in fossil L meteorites, providing an indepen-
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Fig. 3. Lower intercept ages of L chondrite meteorites: Samples are in descend-
ing order of calculated lower intercept U-Pb age. A stacked gaussian probability
distribution is shown in the top panel. Error bars are all 2 . Also included
are literature results from Li and Hsu (2018b,c); Wu and Hsu (2019); Yin et al.
(2014). The mean age of all lower intercepts with uncertaintites of 50 Myr or
less is shown.

dent line of evidence for a collisional event involving the/a L chondrite
parent body at this time (Schmitz et al., 2019).

All lower intercept ages that have 2 sigma error greater than
100 Myr are both within error of one another and the more tightly con-
strained lower intercept ages, e.g., Peace River vs. Novato (Yin et al.,
2014). The precision of these ages might be improved with dedicated
sampling campaigns hunting for extremely discordant grains, but due
to our analytical approach and resulting well-constrained discordia, any
such result would be to refine our calculated ages by the order of tens
rather than hundreds of Myr.

We find that lower intercept ages display no relationship with shock
stage (Fig. 5). Performing an identical statistical comparison to that
conducted with sub-populations of L chondrite upper intercept ages,
we find that there is no difference in the distribution of lower intercept
ages for weakly versus strongly shocked samples (Fig. S8). This outcome
links upper intercept ages alone to preserved shock features, which has
several important implications for our interpretation of the L chondrite
U-Pb record.

3.4. Quantifying phosphate response to shock metamorphism

In previous sections we grouped results for different meteorites
based on shock stage (reported or assessed in this study). This group-
ing is reasonable to aid in interpreting U-Pb ages only if we assume that
shock stage provides reliable information about the peak pressure and
temperature conditions experienced by phosphates in a given meteorite
sample. Resetting of the phosphate U-Pb system is driven by diffusion —
a temperature-dependent process that can be enhanced by the develop-
ment/presence of shock-induced microstructures (Cernok et al., 2021).
Threshold shock stages for phosphate U-Pb system resetting on the ba-
sis of heat-driven diffusion alone and a pristine crystal lattice have
been calculated by Blackburn et al. (2017), providing the basic con-
dition by which we split meteorite samples for statistical comparison in
later sections of this manuscript. However, given that Pb-diffusion out
of phosphate crystal lattices may be promoted by shock-induced mi-
crostructures, it is important to check that the basis on which we have
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Literature results are included from Yin et al. (2014); Li and Hsu (2018a,c,b);
Wu and Hsu (2019); Blackburn et al. (2017); Gopel et al. (1994); Ozawa et al.
(2007). Samples are grouped into weakly and strongly shocked, i.e., whether
or not, according to preserved shock features, collisional heating was sufficient
to have measurably perturbed the phosphate U-Pb system. Stacked gaussian
probability density functions for each population are shown in panels A and
B. LIM: L-type impact melt-rock. L5-6: transitional between petrologic types 5
and 6. Indicated along the central arrow is the estimated minimum parent body
size needed to obtain a progressively younger central L6 Pb-phosphate date
(Blackburn et al., 2017; Edwards and Blackburn, 2020). Samples analysed in
this study are indicated with the symbol “*’. Knyahinya is a transitional sample,
with a classification of L/LL5.

split samples is self-consistent with other criteria for doing so — in partic-
ular, the presence/absence and degree of development of shock-induced
microstructure in apatite has been largely unstudied in chondrites and
therefore not yet properly included within existing shock stage schemes.

CL images return little information about the extent of crystal plas-
tic deformation experienced by a phosphate grain, but readily record
evidence for recrystallisation (Walton et al., 2021). Prior to SIMS, we
checked at least several apatite grains eventually analysed from each
sample in our study with CL. None of the apatite grains analysed in this
study returned visible evidence for recrystallisation (but many merril-
lite grains did in samples > S4, e.g., Isoulane-n-Amahar; Fig. 7). For
phosphate grains that we were able to index, EBSD unambiguously re-
veals the presence/absence and degree of crystal plastic deformation.
We analysed apatite grains in the dark (S5) lithology of Chelyabinsk
(LL5) and McKinney (L4, S6). Added to our previous analyses of the
Chelyabinsk light lithology (S4; Walton et al. (2021)), these samples
span shock stages S4, S5, and S6, i.e., the critical window for U-Pb
resetting when solely considering heat-driven Pb-diffusion (Blackburn
et al., 2017).

We find that crystal plastic deformation is evident for apatite grains
in shocked L chondrites (as classified using the scheme of Stoffler et al.
(2018)), but to varying extents. S4 apatites in Chelyabinsk have crys-
tal plastic deformation misorientations of 10° (Walton et al., 2021).
S5 apatites have misorientations of up to 30° (Fig. S10). S6 apatites
have misorientations of up to 40° (Fig. 6). These results are consistent
with analyses of lunar shocked apatite grains reported by Cernok et al.
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Fig. 5. Lower intercept ages of L chondrite meteorites: Most samples are within
error of one another and within error of 466 + 1 Ma — the age of a previously
discovered Ordovician sedimentary deposit rich in fossilised L chondrite me-
teorites (Schmitz et al., 2019). Samples are grouped into weakly (< S4) and
strongly (> S5) shocked, i.e., whether or not, according to preserved shock
features, collisional heating was sufficient to have measurably perturbed the
phosphate U-Pb system. Stacked gaussian probability distributions for each pop-
ulation are shown in panels A and B, calculated using the probability density
function assuming a normal continuous random variable with the scipy pack-
age. There are fewer ages reported here than in Fig. 1 owing to the fact that
now all L chondrite meteorite phosphate suites appear to record discordant
U-Pb isotopic compositions, precluding the calculation of a statistically valid
lower intercept age. The age of the L body break-up event inferred on the basis
of fossil-L-meteorite-rich sedimentary beds by Heck et al. (2017) and Schmitz
et al. (2019) is indicated with a solid red annotated line. Also included are liter-
ature results from Li and Hsu (2018b,c¢); Wu and Hsu (2019); Yin et al. (2014).

(2019) and terrestrial apatites shocked during hypervelocity impacts as
reported by Kenny et al. (2019). This consistency in apatite’s response
to shock-wave passage through chondrites and lunar rocks of similar
shock stage suggests that bulk shock stage is a reasonably widely appli-
cable metric of PT conditions. For our purposes, it also supports the use
of shock stage to interpret phosphate U-Pb ages in terms of collisional
metamorphism.

4. Discussion
4.1. Radiogenic versus impact-induced heating of L chondrites

Our results reveal statistically significant differences between the
upper intercept ages of strongly versus weakly shocked L chondrites
(Fig. S7). Meanwhile, we find no such difference between the lower in-
tercept ages of strongly versus weakly shocked L chondrites (Fig. S8).
This critical observation is consistent with diffusion models in which
complete resetting of phosphate upper intercept U-Pb ages requires
metamorphism to shock stage S5 or above (Blackburn et al., 2017),
as well as previous suggestions that lower intercept ages may be re-
set during relatively mild shock events (Walton et al., 2022). Overall,
most high-energy shock features in L chondrites are instead dated ro-
bustly by upper intercept ages. Lower intercept ages, whilst meaningful,
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Fig. 6. BSE + EBSD results for apatite in McKinney (L4, S6). a) BSE image of
apatite grain in McKinney, adjacent to quenched shock-melt. b) Inverse Pole
Figure (IPF) map, revealing one single grain. c¢) IPF orientation colour key. d)
Texture Component map revealing significant crystal plastic strain across the
grain. e) Pole figure colour-coded by IPF orientation with respect to an arbitrary
reference point on the target grain.

are broadly related to relatively low-energy features, e.g., overprinting
fractures (Walton et al., 2022). By relating solely upper intercept ages
to shock stage, we are able to untangle the nature of L chondrite parent
body radiogenic versus shock-induced thermal evolution.

One key implication of our results is that the majority of strong
shock related features in L chondrites date back to early Solar System
history (Yin et al., 2014). Meanwhile, our results support previous find-
ings that phosphate upper intercept U-Pb ages from weakly shocked me-
teorites are a robust archive of the thermal evolution of asteroid parent
bodies, recording their onion-shell cooling with the waning of endoge-
nous radiogenic heat sources (Gopel et al., 1994; Blackburn et al., 2017;
Edwards and Blackburn, 2020). The youngest upper intercept ages we
obtain from weakly shocked meteorites are consistent with an estimated
minimum size of the L chondrite parent body (Blackburn et al., 2017)
of 260-280 km in diameter. This estimate is derived from models that
couple chondritic apatite Pb-diffusion to a parent-body-size-dependent
radiogenic heating history (Blackburn et al., 2017). This argument is
bolstered by broad consistency between the ages determined from U-
Pb SIMS and Pb-Pb ID-TIMS (Fig. 4). Future work should seek to obtain
paired ID-TIMS and SIMS analyses of the same samples, in order to fully
validate this comparison.

There are caveats to the interpretation of upper intercept ages
in strongly shocked meteorites as recording the formation of shock-
features in L chondrites. One nuance to consider is how readily material
will have been excavated from the parent body into the rubble pile ob-
ject, which is presumably what is responsible for supplying L chondrites
to Earth today. Deeply buried material, which will be a higher petro-
logic type, requires significant collisional energy to exhume: either a
few large events, or many small events. If deeply buried material cooled
through the phosphate Pb-closure temperature late — say, 4480 Ma, as is
permitted by the higher estimates of chondrite parent body size (Fig. 4;
Blackburn et al. (2017)) — then the correlation of textural evidence of
strong shock with young phosphate upper intercept U-Pb ages might
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Fig. 7. Recrystallised phosphate (merrillite) in Isoulane-n-Amahar (L6).

emerge in the data without the shock event itself being what is dated.
That is, phosphate U-Pb system age and meteorite shock stage would in
this scenario be independent of each other but linked by a parent-body-
depth dependence.

Nine of the twelve reported upper intercept ages for strongly
shocked L meteorites (Fig. 4) are younger than 4490 Ma. Ages this
young, if related solely to onion shell thermal evolution, require deriva-
tion from the center of an asteroid around 350-400 km in diameter
(Fig. 4). This may or may not be inconsistent with parent body size
constraints from the ages of weakly shocked L6 chondrites (see above),
given that the L6 zone may encompass a large range of depths (Black-
burn et al.,, 2017). Therefore, either strongly shocked L chondrites
derive solely from deep late-cooled portions of now-disrupted L-type
bodies (Edwards and Blackburn, 2020), in which case the timing of
formation of their shock ages remains obscure, or that strongly shocked
meteorites indeed record collisional reheating of the materials that they
sample.

Our statistical tests can speak to these two hypotheses for the shock
stage-age relationship. Comparing the distribution of ages between
strongly shocked non-L6 and L6 samples showed them to have indistin-
guishable age spectra (Fig. S7a). In contrast, weakly shocked L6s have
distinct upper intercept ages from each other. This outcome suggests
strongly shocked meteorite ages record collisions rather than onion-
shell cooling ages. Future work should further interrogate this point by
increasing data availability for non-L6 meteorites.

A further caveat to our findings is the possibility that shock-induced
microstructures may plausibly lower the shock stage boundary for Pb-
diffusion from the apatite crystal lattice. This could move the boundary
for resetting from S5, as considered in our statistical comparison of
strongly versus weakly shocked meteorites, to S4 or below. Evidently
partial reset can occur at much lower shock stage: we have measured
lower intercept ages produced via phosphate Pb-loss in an S2 sam-
ple (i.e., Indianola). As such, it is clearly possible for relatively weak
episodes of collisional metamorphism to at least partially reset chon-
dritic phosphate U-Pb ages, as has been observed in some lunar samples
(Cernok et al., 2021). Shock-induced microstructures formed at earlier
times may provide a coherent explanation for the relative ease with
which late Pb-loss can occur at mild conditions (Reddy et al., 2014; Er-
ickson et al., 2015; Blackburn et al., 2017; Cernok et al., 2021; Walton
et al., 2022). However, the variation in extent of Pb-loss and the exact
mechanisms involved are not fully understood.

One plausible mechanism of Pb-loss is via grain boundaries devel-
oped during grain recrystallisation. Recrystallisation dissipates strain
accumulated during shock wave passage. Analysis of Pb-rich domains
located within sub-grain boundaries in recrystallised phosphates may
then return elevated Pb concentrations. However, our EBSD and CL
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analyses do not provide any evidence for recrystallised apatite genera-
tions (i.e., relict parent grains comprised of strain-free subgrains) in our
samples. We have observed phosphate recrystallisation in other shocked
ordinary chondrites, e.g., Isoulane-n-Amahar — Fig. 7; Chelyabinsk —
Fig. S9, Walton et al. (2022)) using the same methods, and so we
tentatively rule out this mechanism. Lead-loss could also occur dur-
ing partitioning into micro-scale apatite-normative melts which, upon
crystallisation, will preserve elevated Pb-concentrations. However, as
above, our EBSD and CL analyses do evidence any apatite grains having
grown from shock melts, i.e., igneous-textured and/or strain-free.

Instead, a mechanism that we proposed in a previous study of the
Chelyabinsk (LL5, S4-6) chondrite to explain late apatite Pb-loss may
be responsible: grain-damage during fracturing. This phenomenon oc-
curs from low shock stages and correlates with normal discordance
in Chelyabinsk apatite grains (Walton et al., 2022). We intentionally
targeted some damaged grain regions in the present study. Given the
evidence from Chelyabinsk, the same simple and plausibly universal
mechanism may be relevant for explaining late Pb-loss from apatite
grains in L chondrites, even at low shock stages.

4.2. Solar System dynamics from 4.56-4.40 Ga

Weakly shocked meteorites have a tighter range of phosphate upper
intercept U-Pb ages than strongly shocked L meteorites: 45 Myr (from
4495-4540 Ma) versus 100 Myr (from 4460-4560 Ma). Our results sug-
gest that collisional reworking may have caused parts of the L parent
asteroid to be exhumed and to cool quickly, producing e.g., the early
phosphate U-Pb age of the strongly shocked McKinney and Sixiangkou
meteorites (Fig. 4 and 8). However, the error on the age of McKinney is
relatively large, and overlaps with the upper age range of that expected
to be recorded by L4 samples in general (Gail and Trieloff, 2019). Sim-
ilarly, later collisions took place concurrent with cooling of the bulk
asteroid (as expected following the end of parent body metamorphism),
and may or may not have played a role in first heating and then rapidly
cooling down L-type material.

If all of the ages recorded by strong shocked meteorites are
taken as representing impacts, three collisional events/periods are
needed to explain our observations: early exhumation-driven cooling
(4560-4530 Ma), collision(s) coincident with cooling of the parent body
during waning parent body radiogenic metamorphism (4530-4500 Ma),
and a relatively larger number of collisions that took place after this
time (Fig. 8).

We consider two key possibilities for dynamical interpretation of
the record: (A) An important dynamical excitation event took place
between around 4450-4480 Ma, potentially Moon-formation or Giant
Planet migration (Yin et al., 2014; Bottke et al., 2015; Mojzsis et al.,
2019), producing a collision-age cluster in this time-frame. This is po-
tentially supported by the clustering of strongly shocked L chondrite
upper intercept ages at this time; (B) L chondrite phosphate U-Pb ages
record a shoulder of monotonically declining collisional rates from
around 4500 to 4400 Ma. Early collisional events were recorded less
frequently as the parent asteroid was still mostly hotter than the temper-
ature needed to induce Pb diffusion from the phosphate crystal lattice
(Blackburn et al., 2017).

Uniquely linking the L chondrite U-Pb age record to particular dy-
namical interpretations is non-trivial. For example, the timings of each
of the proposed dynamical perturbations that may have scattered rocky
objects, caused collisions, and reset U-Pb ages remain debated. Recently
proposed ages for the start of lunar crust differentiation — and hence a
lower limit on the age of the Moon-forming impact — range from 4.51 Ga
to 4.42 Ga (Barboni et al., 2017; Maurice et al., 2020). Similarly, mod-
els involving late Giant Planet migration call for instabilities within the
first 100 Myr of Solar System history, but are for now broadly agnos-
tic as to whether this event post- or pre-dated the Moon-forming impact
(Clement et al., 2019; Mojzsis et al., 2019). As such, it is not yet possi-
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Fig. 8. Schematic evolution of the L chondrite parent asteroid. Schematic phos-
phate U-Pb age probability distributions that would be observed with complete
sampling of the body, based on an interpretation of our results, are shown in
each case. a) Initial evolution encompasses parent body formation, radiogenic
heating, and the development of an onion-shell thermal structure (Blackburn
et al., 2017; Edwards and Blackburn, 2020). b) Onion-shell age structure locked-
in, but locally overprinted in case of impact events. c¢) After 4 billion years of
relative collisional quiescence, the L asteroid was disrupted to create a family
of smaller bodies at around 450 Ma.

ble to infer with confidence a link between any one of these dynamical
propositions and the L chondrite U-Pb record.

An alternative to a solely dynamical interpretation is that the reor-
ganisation of chondritic parent bodies into relatively porous rubble pile
structures around 4460 Ma (Blackburn et al., 2017) changed the manner
in which shock waves propagate through the parent body (Michel et al.,
2003), dampening the extent to which shock metamorphism could have
reset phosphate U-Pb ages. This possibility is difficult to evaluate at
present, as rubble pile structure formation itself is also related to the
dynamical state of the Solar System over time. Regardless, the complex
links between these end-member interpretations highlight the need to
link phosphate U-Pb age resetting behaviour with models that simul-
taneously and/or non-degenerately consider both broad dynamical and
asteroid-specific variables.

Reconstructing the dynamical evolution of our Solar System by in-
terpreting phosphate U-Pb upper intercept ages has great promise. The
total available U-Pb upper intercept record for undifferentiated parent
bodies lends tentative support to a shared collisional reheating feature
at 4460-4480 Ma (Yin et al., 2014). However, sampling statistics for
all parent bodies other than L chondrites remain poor. A wider sam-
pling campaign is therefore needed to test whether this interpretation
is statistically robust. What does seem clear, however, is that either col-
lisional activity itself or the ability of L chondrite phosphate to record
collisions dropped off after about 4440 Ma (Fig. 4). Upper intercept ages
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from the L chondrites therefore provide evidence that collisional inter-
actions in the inner Solar System changed in some way after 4440 Ma,
potentially dating a terminal instability that greatly depleted the mass
of the Main Belt (Clement et al., 2019; Ribeiro et al., 2020). This con-
clusion is independent of the nuances of interpretation of the earlier
record, from 4460-4560 Ma, and provides evidence against the occur-
rence of a Late Heavy Bombardment between 4200-3800 Ma (Boehnke
and Harrison, 2016).

4.3. Late stage break-up events

All but one of the lower intercept ages we present here (McKinney,
within error of present day) are within error of a previously identi-
fied collisional age pulse inferred from Ar-Ar, K-Ar, and U-Pb analy-
ses (Unruh, 1982; Korochantseva et al., 2007; Yin et al., 2014; Heck
et al., 2017; Li and Hsu, 2018a,b,c; Schmitz et al., 2019) and the age
(466 + 1 Ma) of a sedimentary rock deposit that is strongly enriched
in fossil L chondrite meteorites (Schmitz et al., 2019). A lunar impact
event within error of our reconstructed age of the L parent body break-
up event has also been dated by analysis of Apollo samples (Cernok
et al., 2021). Combined with our monitoring of possible sources of con-
tamination (see Results), these observations suggest that L chondrite
lower intercept ages are meaningful and record a collisional event at
around this time.

We estimate the L parent body break-up event to have taken place
at 474 + 22 Ma (Fig. 3). Our best-estimate age is obtained by averaging
all lower intercept ages with uncertainties of 50 Myr or less. Whilst the
cut-off of 50 Myr uncertainty is arbitrary, this decision is informed by
our previous finding that poorly constrained lower intercept ages for
the Chelyabinsk meteorite were both inaccurate and imprecise (Popova
et al.,, 2013; Lapen et al., 2014). It is on this basis that we exclude
poorly constrained lower intercept ages from our best-estimate age for
the L chondrite parent body break-up event (Fig. 3).

Statistical tests demonstrate the age distributions of lower intercept
ages for weakly and strongly shocked meteorites to be indistinguishable
(Fig. S8). This result is obtained even when the outlier sample McKin-
ney is included (lower intercept age within error of present day), with
the two populations becoming even more similar when McKinney is ex-
cluded. However, these same meteorites preserve upper intercept ages
that differ by up to 100 Myr (and are not within error of one another;
Fig. 4). This result is profound, suggesting that almost all L. chondrite
meteorites arriving at Earth over the last 500 Myr derive from a sin-
gle rubble pile parent asteroid. This asteroid preserves a variety of U-Pb
phosphate upper intercept ages throughout its structure and was bro-
ken up at 474 + 22 Ma. Notably, there is no evidence from our results
for the late heavy bombardment. In fact, the L chondrite collision age
record is quiescent up from 4440 Ma until the break-up event recorded
at 474 +22 Ma. This result is consistent to the growing body of evidence
against any record of late heavy bombardment from analysis of many
Solar System materials, including meteorites from the Moon and Vesta
(Cernok et al., 2021; Cartwright et al., 2022).

Why did a collisional event capable of disrupting an entire parent
body not result in a distinguishable high-energy textural record in L
chondrite meteorites? The presence of low shock features, e.g., irregular
fractures, overprinting high-energy shock-related features, e.g., phos-
phate recrystallisation textures, in strongly shocked meteorites (Wal-
ton et al., 2022) (S5 and above) does evidence a textural record of
more recent bombardment overprinting early events that took place at
4400-4600 Ma. The question, then, is whether features of such low
shock stage can be consistent with an event of the scale needed to frag-
ment a large asteroid parent body. However, simulations suggest that
parent body fragmentation by impact of a comparatively small body is
achievable without large scale melting or shock metamorphism of the
target (Leinhardt and Stewart, 2009).

As noted earlier (section 4.2), if the L parent body that underwent
disruption was already a porous rubble pile structure then it is also pos-
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sible that the threshold energy of impact for disruption was relatively
low, furthering the degree to which shock features at this time might
not be produced in large volumes (Michel et al., 2003). Indeed, there
are many examples of brecciated chondritic meteorites — requiring col-
lisional reworking — that do not have high shock stages (Lentfort et al.,
2021; Bischoff et al., 2018; Verdier-Paoletti et al., 2019). This general
observation appears consistent with the concept of weak rubble pile
structure chondritic asteroids undergoing fragmentation and breccia-
tion with relative ease and frequency.

We conclude that the absence of evidence for shocking of material
to high shock stages at 474 22 Ma is potentially still consistent with
evidence from U-Pb lower intercept ages for parent body disruption at
this time. However, this scenario does place specific requirements on
the physical properties of the L parent at the time and of the collision,
which merits future scrutiny.

Lower intercept ages also provide evidence for potential continued
collisional evolution of L chondrite families, with McKinney (L4, S5)
recording an ejection event within error of the present day. This is anal-
ogous to the event recorded by the Chelyabinsk LL chondrite (Walton
et al., 2022), evidence for recent fluid mobilisation within some car-
bonaceous chondrites (Turner et al., 2021), and may also be supported
by evidence for modern Pb loss from ID-TIMS measurements of weakly
shocked LL chondrites (Edwards and Blackburn, 2020). We rationalise
the high frequency of L chondrites sampling the 474 + 22 Ma collisional
event relative to those samples recording geologically recent collisions
as indicating something about the volumes of material reheated in the
respective events recorded, i.e., a large volume of material reheated
during parent body disruption and small volumes reheated during mi-
nor ejection events that have taken place with comparative frequency
ever-since (Fig. 8c). Alternatively, McKinney may not record evidence
for the 474 + 22 Ma event due to originating from a different L type
parent body.

Taken at face value, the L chondrite lower intercept record shows
an apparent uptick in collision rate towards present day (i.e., samples
recording lower intercept ages within error of zero age). However, this
is currently based on very few samples. Contrary to the collisional event
at 474+22 Ma (Figs. 3-5), there is currently no complementary evidence
from sedimentary deposits on Earth for either an increasing flux of ex-
traterrestrial material, or specifically L material, over the last several
10s of Myr. Therefore, this apparent uptick may be a simple sampling
artefact: material freshly shocked and ejected from its parent body soon
arrives at Earth (Turner et al., 2021), where in general it has a very
short window in which to be found or be destroyed by weathering. Ev-
idence for short timescales of rubble pile resurfacing and/or ejecting
collisions is mounting from observations of objects such as Bennu (Lau-
retta et al., 2019; Della Giustina et al., 2021). Furthermore, we have
previously reported a lower intercept for Chelyabinsk (LL) within-error
of present (Walton et al., 2022), indicating that recent and/or continu-
ous minor collisional reworking may be prevalent for at least ordinary
chondrite parent bodies.

4.4. Summary of L chondrite parent body evolution

Given available data, we can map out what appears to be the sim-
plest interpretation of L chondrite parent body evolution. Fig. 8 il-
lustrates schematic phosphate U-Pb age probability distributions that
would be observed with complete sampling of the body (assuming only
one initial progenitor, for now). Initial evolution encompasses parent
body formation, radiogenic heating, and the development of an onion-
shell thermal structure (Blackburn et al., 2017; Edwards and Blackburn,
2020) (Fig. 8a). By around 4530 Ma, the parent body begins to cool and
phosphate U-Pb ages lock in the time at which rocks within the body
cool down below the closure temperature for Pb-diffusion out of the ap-
atite crystal lattice (Fig. 8a). Collisions in this timeframe may lock in
ages early relative to the cooling rate expected from radiogenic decay
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and heat diffusion for a given portion of the body, owing to excavation
and subsequent rapid cooling of material.

From 4500-4450 Ma, the body has cooled in much of its outer
portions. Now, only collisional reheating may drive Pb-diffusion from
apatite located in most portions of the asteroid (Fig. 8b). At least one
and perhaps several collisions took place at this time. These collisions
may have reorganised the body into a partial or complete rubble pile.
However, given the common origin and shared later collision history
of most L chondrites, these events presumably did not create many
bodies that actively feed Earth with L meteorites today. We envisage
a body that partially retains its original onion shell structure and is
partially mixed by impacts, enabling rapid cooling of some shocked
components, e.g., McKinney (Fig. 8b). This period of collisional evolu-
tion ended around 4440 Ma, with our results revealing no (recorded)
subsequent collisional events for the next 4 billion years.

After this long period of relative collisional quiescence, the L as-
teroid was disrupted to create a family of smaller bodies at around
474 + 22 Ma (Fig. 8c). The vast majority of (but not all) L meteorites
record this event, demonstrating their co-location within a single ob-
ject at the time of disruption. Collisional evolution of the L family has
continued until the present day, with L meteorites being common in
collections and several rare samples recording ejecting collisions within
error of the present day (Fig. 8c).

5. Conclusions

We measured in-situ phosphate U-Pb ages for nine L chondrite mete-
orites. Our results greatly increase the sampling density of the L parent
asteroid U-Pb age distribution. We find that upper intercept U-Pb ages
are correlated with shock stage, but lower intercept U-Pb ages are not.
Upper intercept ages robustly record multiple early and severe colli-
sional events. Lower intercepts record later mildly collisional events,
including the break-up of an L parent body at 474 + 22 Ma. In detail,
our results reveal a complex history of collisional evolution for the L
chondrite parent asteroid. We find that:

1. the L parent body experienced collisional reworking that resulted
in the early cooling of some exhumed material (McKinney L6;
4567 Ma + 20 Myr);

. at least one later high-energy collision is recorded coincident with
onion-shell cooling of weakly shocked, deeply buried, L6 samples
at > 4500 Ma (Blackburn et al., 2017). This result is consistent with
reorganisation of the L asteroid into a rubble-pile structure by this
time;

. a second pulse of collisional evolution — at least one collisional
event and possibly more than one - is identified at 4460-4480 Ma.
This may be related to dynamical perturbation(s) of the inner So-
lar System at this time (Bottke et al., 2015; Mojzsis et al., 2019),
but may also represent the shoulder of a monotonically declining
collision rate inherent to the Main Belt;

. L chondrites do not record any evidence of the late heavy bom-
bardment, and suggest that collisional activity in the Solar System
sharply declined at around 4440 Ma — potentially dating a terminal
instability that greatly depleted the mass of the Main Belt (Clement
et al., 2019; Ribeiro et al., 2020);

. Lower intercept ages of L chondrites define a parent body break-up
age of 474 +22 Ma.

Distinguishing between interpretations of our data and scenarios for
the timing and origin of proposed dynamical changes will require fully
quantitative models that link collision rates to asteroid phosphate U-Pb
age distributions. These results could then be compared to the empirical
record obtained by measuring meteorites.

A major event recorded by almost all of our samples (regardless of
upper intercept age) and by previously studied L chondrites is recorded
accurately but not precisely by lower intercept U-Pb ages at 474 +22 Ma.

201

Geochimica et Cosmochimica Acta 359 (2023) 191-204

Combined with four previously measured lower intercept ages falling in
the same window of time, our results are consistent with a parent body
break-up event at this time (Schmitz et al., 2019). As such, L chondrite
phosphate U-Pb ages provide evidence for a heterogeneous early and
shared late (less than 500 Ma) thermal history for the majority of L-
type meteorites falling to Earth today.

From this observation, we infer that most L chondrites derive from a
single parent asteroid (in existence from at least 4500-4440 Ma to 474 +
22 Ma), which has since been disturbed to create an asteroid family.
This family continues to collisionally evolve to this day, evidence for
which comes in the form of L chondrite meteorites with U-Pb lower
intercept ages within error of the present day, similar to previously
studied LL and carbonaceous chondrites (Turner et al., 2021; Walton
et al., 2022). We conclude that L chondrite phosphate U-Pb ages map
out a series of collisional events that span the entirety of Solar System
history, from the birth of rocky objects to their continuing arrival at
Earth today.
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