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A B S T R A C T   

Age constraints on early solar system processes and events can be derived from meteorites and their components 
using different radioisotope systems. Due to the short time interval from the first formation of solids in the solar 
nebula to the accretion and differentiation of planetesimals and some planets, a high temporal resolution of the 
chronometers is essential and can be obtained in most cases only with short-lived isotope systems, particularly 
the decay schemes 26Al-26Mg, 182Hf-182W and 53Mn-53Cr. These chronometers provide highly resolved time 
constrains for the formation of the first solids (Ca-Al-rich inclusions or CAIs), chondrules, planetary cores, for the 
accretion and differentiation of planetesimals and hydrous/thermal alteration. Formation of Ca-Al-rich in-
clusions was restricted to the inner solar system and to a short time interval of ≪1 Ma, and marks the “beginning 
of the solar system”. It was immediately followed by planetesimal formation. The oldest planetesimals accreted 
within a few 105 a after the formation of CAIs. The accretion of early formed planetesimals and their subsequent 
differentiation into a metallic core and a silicate mantle was a continuous process that occurred at different times 
in different locations of the solar nebula and extended over a time interval of at least ~4 Ma. During this time 
interval the accretion process may have changed from planetesimal formation via streaming instability to pebble 
accretion. The earliest formed bodies that still needed to settle into stable orbits could have created bow shocks 
in the adjacent regions still composed of dust and gas which resulted in the formation of silicate chondrules in a 
narrow time interval from 1.8 to 3 Ma. The chondrule forming interval was immediately followed by the ac-
cretion of the chondrite parent bodies, which did not differentiate due to their late accretion when most of the 
heat producing 26Al had already decayed. Thus, the chondrite parent bodies are a second generation of plane-
tesimals, but chemically they are the most primitive material preserved from the early solar system. Aqueous 
alteration of volatile rich planetesimals peaked at ca. 3.5 Ma and coincided with metamorphism recorded in 
ordinary chondrite parent bodies. The compilation of ages from different meteorites and their components 
demonstrates that similar accretion and differentiation processes do not follow an identical time line from dust to 
planetesimal formation and they do not correlate with the location in the disk. The accretion of matter into 
planetesimals was a local phenomenon with stochastic spatial distribution. The spatial distribution of accretion 
processes operating in the early solar system appears to be similar to those in some directly observable nascent 
exo-planetary systems.   

1. Introduction 

Following the discovery of exoplanets and whole exoplanetary sys-
tems, the study of the processes in the early solar system and their timing 
has received enhanced attention. One goal of these studies of exoplan-
etary systems is the derivation of a model that describes the path from 
the collapse of a molecular cloud to the formation of a multi-planetary 
solar system. Such a universal and unifying model will have to have 
our solar system as one possible outcome. The solar system is currently 

the only planetary system for which it is possible to study different pre- 
planetary and planetary materials directly through the analysis of actual 
material delivered to Earth as meteorites, via space missions that 
perform in-situ analyses or via laboratory analysis on samples returned 
to Earth. All these studies provide key chemical and isotopic data that 
inform on the formation and evolution of planetary bodies of different 
sizes and with possibly different evolution paths. A key parameter in 
these studies is the timing of the different processes from the formation 
of the first solids to the final accretion and differentiation of 
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planetesimals and planets. This time information can be used to 
discriminate among different proposed scenarios that may be applicable 
to early solar system processes and events. Subsequently, this informa-
tion can be used in physical models to constrain possible scenarios for 
planet formation and make predictions about exo-planetary systems. 

A number of short-lived radionuclides were extant at the beginning 
of the solar system. Their existence has been documented through ex-
cesses in daughter isotopes in meteorites and their components. The 
abundances of these isotopes had a significant impact on early solar 
processes including the timing of stellar nucleosynthesis events prior to 
the formation of the solar system, heating of early-formed planetesimals 
and chronology of events in the early solar system. The significant ad-
vancements in the analytical techniques in the past two decades to 
measure isotope abundances with high precision and accuracy have led 
to tighter constraints on the initial abundances of the short-lived ra-
dionuclides and hence in their application in detailed and highly 
resolved chronological studies. This review outlines and puts in 
sequence, the timing of different physical and chemical processes that 
occurred in the early solar system and on the early accreted planetesi-
mals that existed during the nebula stage, using multiple short-lived 
chronometers. 

In general, radionuclides can be used to date element fractionation. 
Thus, in principle any process that separates the parent from the 
daughter element can be dated. This is done via isochrons for long-lived 
radionuclides or pseudo-isochrons/model ages using extinct or short- 
lived radionuclides. In order to obtain high precision ages, element 
fractionation should be large. Materials are selected that preserve 
isotope compositions at the time of formation, i.e., parent/daughter 
fractionation. Short-lived radionuclide systems can provide ages for 
mineral formation during condensation from the solar nebula, crystal-
lization of a melt, metal-silicate separation in a molten system leading to 
core formation, onset and duration of metamorphism on parent bodies, 
aqueous alteration and cooling histories of planetesimals. Dating 
meteorite samples or their components first requires the identification of 
the process or event that should be dated and then the selection of 
material that records the process or event that caused at the same time 
separation of a radioactive parent element from the daughter element. 
Since the time resolution necessary to resolve early solar system pro-
cesses is on the scale of a few Ma out of 4.57 Ga for the whole solar 
system, high-resolution chronometers are essential. Most long-lived 
isotope systems provide absolute ages with uncertainties of a few % 
(e.g., 87Rb-87Sr, 147Sm-143Nd, 176Lu-176Hf, 40K-40Ar-40Ca, 187Re-187Os), 
with the exception of the U-Pb system that can achieve 0.05 % under 
favourable conditions (e.g., Amelin, 2006; Bollard et al., 2017, 2019). 
However, rapid decay of short-lived isotopes (whose parent isotopes are 
now essentially extinct) results in significant isotopic variations on very 
short timescales. Hence, the short-lived chronometers have the resolving 
power to constrain the timing of key processes during the very first few 
Ma of the solar system from the time of mineral condensation to the 
formation and differentiation of planetary bodies. Studying the very first 
few Ma of the solar system with high temporal resolution is essential to 
reconstruct how it came into existence and how its planets formed. The 
sequence of differentiation and accretion in time and space during the 
first few Ma set the stage and controlled the architecture of the solar 
system with its different planets and their distinct chemical composition. 
Short-lived isotopes provide the necessary time information for the 
different fractionation processes during the earliest and critical stages of 
solar system evolution. 

1.1. Dating with the short-lived isotope systems 

For short-lived isotope systems to yield useful dates for events and 
processes during the first ca. 5 Ma of the solar system, it is necessary that 
the parent isotope has a sufficient abundance to produce well measur-
able amounts of daughter isotope, parent and daughter element have to 
fractionate appreciably during the process that is to be dated and the 

half-life of the parent isotope needs to be well known and is ideally 
between 0.5 and 10 Ma. Table 1 lists the short-lived isotope systems that 
have been realized to date. The origin and abundance of short-lived 
radionuclides are discussed in the recent review by Davis (2022). 
Many of the short-lived systems listed in Table 1 are regularly used as 
chronometers in meteorites and their components to obtain precise and 
accurate ages for processes and events in the early solar system. 

The fundamentals on how ages can be obtained using an isotope 
system with a short-lived parent isotope are given in White (2023). It 
involves the construction of an isochron based on at least two data points 
(samples). Similar to the long-lived isotope chronometers, the excess of 
the radiogenic daughter isotope correlates with the concentration of the 
parent isotope in the sample. The slope of the correlation line gives the 
abundance of the parent isotope at the time of fractionation of the 
different samples. In order to translate this into an age it is essential to 
know the abundance of the parent isotope at a given point in time, which 
is determined using an absolute age as an anchor. For this purpose, the 
most suitable isotope system is the U-Pb system, because it can yield 
high precision ages for old samples, like meteorites (e.g. Amelin, 2006). 
Thus, all ages determined with short-lived isotopes are “anchored” to at 
least one sample with a highly precise absolute age. Apart from having 
been dated with an absolute chronometer, any viable anchor needs to 
satisfy the following conditions: (1) diverse mineral composition to 
enable the adequate fractionation of parent-daughter element ratios for 
a range of isotope systems, (2) rapid cooling to enable multiple isotopic 
systems to close within their given resolution without subsequent partial 
re-equilibration events, (3) secondary processes that disturb isotopic 
systems must be absent or insignificant (Sanborn et al., 2019). Usually, 
angrites such as D'Orbigny, Lewis Cliff (LEW) 86010 and Angra dos Reis 
are considered to be nearly ideal anchors, however, recent studies of 
ancient ungrouped achondrites such as Northwest Africa (NWA) 6704 
and Erg Chech (EC) 002, dated by multiple isotope systematics are 
proving to be promising anchors as well (Sanborn et al., 2019; Barrat 
et al., 2021; Fang et al., 2022; Anand et al., 2022). Some differences in 
ages reported for meteorites or their components can be related to 
different anchors used and thus need to be adjusted to enable 
comparison. 

It is important to consider what event is being recorded by an 
isochron. For an ‘internal isochron’ different phases (e.g. minerals, 
mesostasis) from a coherent sample are analyzed and this yields the time 
of fractionation corresponding to the formation of individual phases 
within this sample. It is assumed that the different phases did not 
experience element exchange after formation and thus isotopic closure is 
instantaneous (or near-instantaneous) and maintained until the time of 
dating. For an ‘external isochron’ different bulk samples are analyzed 
that are thought to have formed from a common reservoir. The age 
obtained then corresponds to the time of fractionation that occurred in 
this common reservoir. 

For instance, the 26Al-26Mg studies on chondrule formation focus on 
chondrules from unequilibrated chondrites containing primary plagio-
clase or glass as the main mesostasis phase. The plagioclase and glass 
occur as primary products of melt and have high Al/Mg and hence 
excess radiogenic 26Mg, if they formed at a time when 26Al was still 
extant. A 26Al-26Mg ‘internal isochron’ can be determined on a single 
chondrule level by measuring the δ26Mg (deviation from terrestrial 
26Mg/24Mg in parts 103) and 27Al/24Mg in individual minerals within 
the chondrule. The excess 26Mg is measured using an ion microprobe 
and reported as δ26Mg, i.e., deviation from terrestrial 26Mg/24Mg in 
parts of 103. A positive correlation between δ26Mg and 27Al/24Mg in-
dicates in situ decay of 26Al. The slope of this isochron yields the initial 
(26Al/27Al)0 ratio at the last time the sample crystallized and the diffu-
sive exchange of parent and daughter elements among the different 
minerals stopped. The initial (26Al/27Al)0 ratio, when anchored to the 
initial (26Al/27Al)0 of the D'Orbigny angrite, gives the time of chondrule 
formation relative to the formation age of D'Orbigny. Subsequently, the 
relative age can be translated into an absolute age using the U-isotope 
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corrected 207Pb-206Pb age of the D'Orbigny angrite (e.g., Hutcheon and 
Hutchison, 1989; Pape et al., 2019; Siron et al., 2021, 2022; Fukuda 
et al., 2022). 

In addition to the isochron approach for dating, short-lived isotope 
systems can also be used to obtain precise and meaningful ‘model ages’ 
from a single mineral phase/fraction with a near-zero parent/daughter 
ratio. These model ages are inferred as the time at which the ingrowth of 
daughter isotope stopped, which could be a process that practically 
removed the parent radionuclide from this mineral phase/fraction. In 
the absence of the parent radionuclide, this mineral phase/fraction 
preserves the initial abundance of the radiogenic daughter isotope of its 
host material at the time of formation. A model age can be obtained by 
measuring the radiogenic daughter abundance of this mineral phase/ 
fraction and comparing it to its evolution in a model or assumed reser-
voir (such as the chondritic reservoir) from which the sample presum-
ably originated. Precise model ages can be obtained only for short-lived 
systems with abundant radioactive parent isotopes (see Table 1 for 
parent nuclide abundance) at time zero and where ingrowth over time is 
well beyond analytical uncertainties for daughter isotope ratio mea-
surement. In case of a chondritic reservoir, the radiogenic ingrowth of 
26Mg is only 20 ppm, which makes it less suitable to obtain model ages 
using 26Al-26Mg system due to minimal ingrowth in comparison with the 
achievable analytical uncertainty of the 26Mg isotope ratio measure-
ment. However, the radiogenic ingrowths of 182W and 53Cr in the 
chondritic reservoir are ~150 ppm and ~70 ppm, respectively, which 
are well exceeding the current analytical uncertainties on 182W and 53Cr 
isotope measurements and hence, these systems are widely used for 
dating meteorites and meteorite components using the model age 
approach (e.g., Kleine et al., 2009; Anand et al., 2021a, 2021b). 

1.2. Distribution of short-lived isotope systems in the solar system 

An essential condition for the reliable application of short-lived 
isotope systems is the homogeneous distribution of the parent isotope 
within the reservoir from which samples are derived, which in the 
present case are the regions of the solar system from where meteorites or 
returned samples can be dated through isotope ratio measurements. If 
the distribution of short-lived isotopes in the solar system was strongly 
heterogeneous, then the parent/daughter isotope systematics of the 

material investigated would provide information that is a mixture of the 
time of parent/daughter element fractionation (=age of the sample) and 
the place in the solar system. In this case, to obtain robust age infor-
mation, the abundance of the short-lived isotope needs to be known or 
determined for each parental reservoir for every sample. 

Isotope heterogeneity among meteorites and their components is 
well documented for a variety of stable non-radiogenic isotopes origi-
nating from different nucleosynthetic sources that contributed to the 
matter in the solar system. These variations indicate at least two 
fundamentally different nebular source regions, which have been 
termed the non-carbonaceous (NC) and carbonaceous (CC) reservoirs 
(Warren, 2011; Budde et al., 2016a). The short-lived isotopes may have 
been delivered by at least one source that produced these isotopes 
shortly before addition to the solar nebula. The heterogeneity of stable 
non-radiogenic isotopes in and among meteorites is evidence that the 
solar nebula was not completely homogenized isotopically. Thus, it 
could be expected that this heterogeneity also applies to the short-lived 
radioactive isotopes. However, the variations of stable non-radiogenic 
isotopes are all less than a per mill. In order for heterogeneity in 
short-lived isotopes to have a detectable effect on the resulting age in-
formation, these heterogeneities have to be several percent, which is 
unlikely. 

This issue of heterogeneity in parent isotope abundances has been 
discussed in many studies reporting 26Al-26Mg ages (e.g., Makide et al., 
2011; Krot et al., 2012; Schiller et al., 2015) and comparing Pb-Pb ages 
of chondrules with their 26Al-26Mg ages (e.g., Bollard et al., 2019). The 
coherence of the Pb-Pb and 26Al-26Mg chronometers has been demon-
strated recently by Reger et al. (2023) using high precision ages deter-
mined on the meteorite EC 002. Larsen et al. (2020) reported bulk CAI 
isochrons for CV and CR chondrites with similar slopes that are close to 
the canonical (26Al/27Al)0 value but with different initial (26Mg/24Mg)0. 
Davis (2022) emphasized that although this variable initial 
(26Mg/24Mg)0 can be attributed to spatial heterogeneities in Mg iso-
topes, but the similar slope of the bulk CAI isochrons implies indistin-
guishable 26Al abundances for the regions where CAIs originate from. In 
addition, the coherence of ages determined with different chronometers 
on the same materials (Section 2.2) also supports homogeneous distri-
bution of the short-lived isotopes in the solar system given the currently 
achievable analytical uncertainties for isotope ratio measurements. 

Table 1 
Summary of short-lived isotope systems including the initial abundances of the radionuclides at the beginning of the solar system (Davis, 2022) and the materials used 
to obtain chronometric information.  

Fractionation Parent nuclide Half-life (Ma) Daughter nuclide Estimated initial solar system abundance Identified in Ref. 

Nebular 7Be 53.22 ± 0.06 da 7Li (6.1 ± 1.3) × 10− 3 × 9Be CAIs 1 
Nebular 10Be 1.3870 ± 0.0012 10B (7.3 ± 1.7) × 10− 4 × 9Be CAIs 2, 3 
Nebular, planetary 27Al 0.717 ± 0.024 26Mg (5.20 ± 0.13) × 10− 5 × 27Al CAIs, chondrules, achondrites 4, 5 
Planetary 36Cl 0.3013 ± 0.0015 36S, 36Ar (1.7–3.0) × 10− 5 × 35Cl CAIs, chondrites 6 
Nebular 41Ca 0.0994 ± 0.0015 41K 4 × 10− 9 × 40Ca CAIs 7 
Nebular, planetary 53Mn 3.7 ± 0.4 53Cr (7 ± 1) × 10− 6 × 55Mn CAIs, chondrules, carbonates, achondrites 8 
Nebular, planetary 60Fe 2.62 ± 0.04 60Ni (1.01 ± 0.27) × 10− 8 × 56Fe Achondrites, chondrites 9 
Planetary 92Nb 34.7 ± 2.4 92Zr (1.66 ± 0.10) × 10− 5 × 93Nb Chondrites, mesosiderites 10 
Planetary 97Tc <4.21 ± 0.16 97Mo 1 × 10− 6 × 92Mo Iron meteorites 11 
Planetary 98Tc 4.2 ± 0.3 98Ru <2 × 10− 5 × 96Ru Iron meteorites 12 
Planetary 107Pd 6.5 ± 0.3 107Ag (5.9 ± 2.2) × 10− 5 × 108Pd Iron meteorites, pallasites 13 
Planetary 126Sn 0.230 ± 0.014 126Te <3 × 10− 6 × 124Sn Chondrules, secondary minerals 14 
Planetary 129I 16.14 ± 0.12 129Xe (1.35 ± 0.02) × 10− 4 × 127I Chondrules, secondary minerals 3 
Nebular 135Cs 1.33 ± 0.19 135Ba <2.8 × 10− 6 × 133Cs CAIs, chondrites 15 
Planetary 146Sm 103 ± 5b 142Nd (8.40 ± 0.32) × 10− 3 × 144Sm Planetary differentiates 16 
Planetary 182Hf 8.90 ± 0.09 182W (1.018 ± 0.043) × 10− 4 × 180Hf CAIs, planetary differentiates 17 
Planetary 205Pb 17.0 ± 0.9 205Tl (1.8 ± 1.2) × 10− 3 × 204Pb Chondrites 18 
Planetary 244Pu 81.3 ± 0.3 232Th; fission (7.7 ± 0.6) × 10− 3 × 238U CAIs, chondrites 19 
Nebular 247Cm 15.6 ± 0.5 235U (5.6 ± 0.3) × 10− 3 × 235U CAIs 20, 6 

Ref: (b) Friedman et al. (1966) and Meissner et al. (1987) (1) Chaussidon et al. (2006) (2) Dunham et al. (2022) (3) Davis (2022) (4) Jacobsen et al. (2008) (5) 
Wasserburg et al. (2012) (6) Tang et al. (2017) (7) Liu et al. (2012) (8) Tissot et al. (2017) (9) Tang and Dauphas (2015) (10) Haba et al. (2021) (11) Burkhardt et al. 
(2011) (12) Becker and Walker (2003) (13) Schönbächler et al. (2008) (14) Brennecka et al. (2017) (15) Brennecka and Kleine (2017) (16) Fang et al. (2022) (17) 
Kruijer et al. (2014a) (18) Palk et al. (2018) (19) Turner et al. (2007) (20) Tissot et al. (2016). 

a Half-life for 7Be in days (d). 
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2. Chronology of the early solar system from short-lived isotope 
systems 

2.1. Parameters 

The following section provides a compilation of the literature data on 
the 26Al-26Mg, 182Hf-182W and 53Mn-53Cr chronology of the early solar 
system objects and processes. In order to make these published data 
internally consistent and thus comparable, it is essential to define the 
relevant parameters that are needed to derive ages, such as the initial 
abundance of the parent and daughter nuclides at the beginning of the 
solar system of any time thereafter. For this compilation, the initial 
(26Al/27Al)0 ratios determined in the 26Al-26Mg systematics of the 
samples from different studies are anchored to the canonical 
(26Al/27Al)0 of 5.23 × 10− 5 and the relative ages are recalculated with 
this value. The canonical (26Al/27Al)0 ratio is taken from Jacobsen et al. 
(2008) who determined it from an external isochron obtained using 
multiple bulk CAIs separated from the Allende meteorite. Similar to the 
26Al-26Mg system, initial (182Hf/180Hf)0 determined in the 182Hf-182W 
systematics of the samples from various studies are anchored to the 
canonical (182Hf/180Hf)0 ratio of 1.018 × 10− 4. The canonical 
(182Hf/180Hf)0 ratio was determined from an external isochron obtained 
using CAIs from the Allende, NWA 6870 and NWA 6717 CV3 chondrites 
(Kruijer et al., 2014a). 

Unlike 26Al-26Mg and 182Hf-182W systems, determining initial 
(53Mn/55Mn)0 values for CAIs has proven difficult due to the low 
abundance of Mn and Cr, which is a direct consequence of their volatility 
at high temperatures (Nyquist et al., 2009). Hence, initial (53Mn/55Mn)0 
values from 53Mn-53Cr systematics are generally anchored to angrites 
such as D'Orbigny and LEW 86010. However, for comparisons with the 
26Al-26Mg and 182Hf-182W systems, the initial (53Mn/55Mn)0 ratios 
determined from the 53Mn-53Cr systematics of the samples from 
different studies should also be anchored to a canonical (53Mn/55Mn)0 
ratio. Since the direct determination of the canonical (53Mn/55Mn)0 
from CAIs is not possible, the angrite D'Orbigny's initial (53Mn/55Mn)0 
(=3.24 ± 0.04 × 10− 6) and its U corrected Pb-Pb age (=4563.37 ± 0.25 
Ma, Brennecka and Wadhwa, 2012) is calibrated against the Pb-Pb age 
of the CAIs (4567.30 ± 0.16 Ma, Connelly et al., 2012). This gives an 
indirect canonical (53Mn/55Mn)0 value of 6.77 × 10− 6, which is then 
used in the following compilation as an anchor to recalculate the ages of 
the samples from their reported initial (53Mn/55Mn)0 ratios. 

The age of D'Orbigny based on its initial (26Al/27Al)0 (=3.98 ± 0.39 
× 10− 7, Spivak-Birndorf et al., 2009; Schiller et al., 2010a, 2015; San-
born et al., 2019) anchored to the canonical (26Al/27Al)0 ratio, is 4562.2 
± 0.2 Ma. Similarly, the age of D'Orbigny when its initial (182Hf/180Hf)0 
(=7.15 ± 0.17 × 10− 5, Kleine et al., 2012) is anchored to the canonical 
(182Hf/180Hf)0 ratio is 4562.8 ± 0.6 Ma. Note that although the 
26Al-26Mg and 182Hf-182W ages of D'Orbigny are consistent with each 
other, there is a disparity of 0.6–1 Ma with the U-corrected Pb-Pb age of 
D'Orbigny. The reason for this disparity is unclear at present and needs 
further 26Al-26Mg and 182Hf-182W investigation of the D'Orbigny angrite 
with higher resolution. Moreover, it should also be noted that widely 
accepted U-corrected Pb-Pb age for CAIs of 4567.30 ± 0.16 Ma is an 
average of a very few internal CAIs measurements (Amelin et al., 2010; 
Connelly et al., 2012) which could also be a reason for this discrepancy. 

In addition to the canonical abundance of the radiogenic nuclide 
[(26Al/27Al)0, (182Hf/180Hf)0, (53Mn/55Mn0)] which is required to 
determine isochron ages using short-lived chronometers, model age 
determinations assume homogeneous distribution of the radionuclides 
and require further estimates for the abundance of the radiogenic 
nuclide (26Mg/24Mg, 182W/184W, 53Cr/52Cr) and the parent/daughter 
elemental ratio (Al/Mg, Hf/W, Mn/Cr) in the assumed source reservoir. 
In the following compilation, if required, the 26Al-26Mg model ages are 
recalculated using a canonical 26Mg/24Mg abundance of δ26Mg0 =

− 0.034 ‰ and parent/daughter elemental ratio in the chondritic 
reservoir of 27Al/24Mg = 0.101 (Jacobsen et al., 2008). The canonical 

26Mg/24Mg abundance is the y-intercept of the bulk CAIs external 
isochron determined by Jacobsen et al. (2008). Similarly, the 182Hf-182W 
ages are recalculated using ε182Wchondrites = (− 1.91 ± 0.08), which is 
the composition of carbonaceous chondrites (Kleine et al., 2004) and a 
canonical 182W/184W abundance of ε182W0 = − 3.49 which is the y- 
intercept of the external isochron obtained using CAIs from the Allende, 
NWA 6870 and NWA 6717 CV3 chondrites (Kruijer et al., 2014a). In 
case of the 53Mn-53Cr system, the model ages are recalculated using a 
canonical 53Cr/52Cr abundance of ε53Cr0 = − 0.30 determined in Anand 
et al. (2021b) by calibrating the 53Mn-53Cr core formation ages with the 
previously determined 182Hf-182W ages (Kruijer et al., 2017) of 
magmatic iron meteorite groups. 

2.2. Chronology of CAIs 

The highest initial (26Al/27Al)0 ratios among all the solar system 
materials are recorded in CAIs. Jacobsen et al. (2008) and Larsen et al. 
(2011) produced external isochrons using different bulk CAIs and 
determined analytically indistinguishable initial (26Al/27Al)0 ratios of 
(5.23 ± 0.15) × 10− 5 and (5.25 ± 0.02) × 10− 5, respectively. These 
external isochrons are interpreted to represent the time at which the 
CAIs or their precursors were isolated from the bulk solar nebula. In-
ternal 26Al-26Mg isochron data for individual CAIs are more complex (e. 
g., Wasserburg et al., 2012; Makide et al., 2013; Mishra and Chaussidon, 
2014; Kööp et al., 2016b; Ushikubo et al., 2017; Krot, 2019; M.C. Liu 
et al., 2019; Simon et al., 2019; Kawasaki et al., 2018, 2019, 2020; Han 
et al., 2020; Wada et al., 2020; MacPherson et al., 2010, 2012, 2017a, 
2018, 2020, 2022; Dunham et al., 2022; Mane et al., 2022; Fig. 1). Many 
of these internal CAI isochrons yield initial (26Al/27Al)0 ~5 × 10− 5, in 
agreement with that of the bulk CAIs external isochron or the “canoni-
cal” ratio, while several others show a range of initial (26Al/27Al)0 ratios 
from near 0 to ~5.2 × 10− 5 which most likely represent (1) disturbances 
due to reheating events (2) reprocessing in the nebula (3) formation 
before 26Al was fully mixed into the solar nebula or (4) secondary pro-
cessing on the meteorite parent. The abundance of CAIs having the ca-
nonical (26Al/27Al)0 is consistent with the idea of a very short initial CAI 
formation interval (M.C. Liu et al., 2019), possibly <20,000 years, while 
reprocessing of CAIs continued long after primary CAI formation 
(~condensation) had ceased (Fig. 1). 

Apart from the normal CAIs, another group of rare inclusions have 
been identified that give initial (26Al/27Al)0 ratios much lower than ~5 
× 10− 5, have larger isotopic anomalies in many elements and can be 
highly mass fractionated. These inclusions are known as FUN inclusions 
(fractionation and unidentified nuclear effects, highly fractionated but 
lack large nucleosynthetic anomalies) and PLACs (platy hibonite crys-
tals, lack mass-dependent effects but have larger anomalies than regular 
CAIs from CV chondrites) (e.g., Park et al., 2017; Kööp et al., 2016a; 
Fig. 1). Although there is no consensus on how these unusual inclusions 
formed, current thinking is that they formed from an older dust reservoir 
in the earliest history of the solar system before 26Al was injected/ 
introduced (e.g., Larsen et al., 2020). 

The 182Hf-182W systematics has also been used to obtain isochrons 
using different bulk CAIs. Kruijer et al. (2014a) obtained an initial 
(182Hf/180Hf)0 ratio of (1.018 × 0.043) ± 10− 4 that, when anchored to 
D'Orbigny angrites, gives an age of 4567.9 ± 0.7 Ma. This age agrees 
within analytical uncertainties with the currently accepted U-corrected 
Pb-Pb age for CAIs of 4567.30 ± 0.16 Ma (Amelin et al., 2010; Connelly 
et al., 2012). This agreement supports the homogeneous distribution of 
short- and long-lived nuclides at the time of CAI formation in the early 
solar system. This age is taken as “t0” or the “start of the solar system”, 
although PLACs and FUN inclusions as well as “stardust” (i.e., refractory 
mineral grains with highly variable isotope compositions (e.g., Hoppe 
and Zinner, 2000)) could be older (Heck et al., 2020). 
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2.3. Chronology of chondrule formation 

2.3.1. Internal isochrons for chondrules: chondrule formation and 
subsequent reprocessing 

All chemically primitive meteorites are chondrites and all of them 
with the exception of CI chondrites contain visible chondrules. Thus, 
chondrule formation is an important process the occurred after the first 
solids were formed and before the accretion of the chondrite parent 

bodies. Chondrules represent former melt droplets, thus they bear in-
formation on a high-temperature process. The 26Al-26Mg system is the 
most useful chronometer to study the formation and subsequent 
reprocessing of chondrules because these processes can fractionate Al 
from Mg to a large extent. The half-life (7.05 × 105 a; Nishiizumi, 2004) 
of this system is short enough to resolve the chondrule formation ages 
(Hutcheon and Hutchison, 1989; Hutcheon and Jones, 1995; Kita et al., 
2000; Villeneuve et al., 2009; Kita and Ushikubo, 2012; Pape et al., 

Fig. 1. Kernel Density Estimate (KDE) of initial 
(26Al/27Al)0 in normal and FUN & PLAC CAIs relative 
to the canonical/bulk CAIs (26Al/27Al)0 ratio. 
Ref. Dunham et al. (2022); Wasserburg et al. (2012); 
Larsen et al. (2020); Ireland (1988); Liu et al. (2009); 
Park et al. (2017); Kööp et al. (2016b, 2018); Mac-
Pherson et al. (2010, 2012, 2018, 2022); Kita et al. 
(2012); Makide et al. (2013); Mishra and Chaussidon 
(2014); Kawasaki et al. (2015, 2019, 2020); Krot 
(2019); Liu et al. (2009); M.C. Liu et al. (2019); Simon 
et al. (2019); Han et al. (2020); Wada et al. (2020); 
Fahey et al. (1987); Ireland and Compston (1987); 
Ireland (1990); Ireland et al. (1992); Sahijpal et al. 
(2000); Williams et al. (2017); Bodénan et al. 
(2020a). 
Figure modified after Davis (2022).   

Fig. 2. Compilation of initial (26Al/27Al)0 and corre-
sponding chondrule formation ages (anchored to CAIs 
using the canonical (26Al/27Al)0 = 5.23 × 10− 5 

[Jacobsen et al., 2008; Larsen et al., 2011]) from the 
least altered chondrites (petrologic subtype 2.9–3.1). 
References for data: (1–2) Siron et al. (2021, 2022), 
(3) Fukuda et al. (2022), (4) Ushikubo et al. (2013), 
(5) Hertwig et al. (2019), (6) Nagashima et al. (2017), 
(7) Nagashima et al. (2014), (8) Schrader et al. 
(2017); (9) Tenner et al. (2019). UOC chondrules (L/ 
LL ≤ 3.1): Siron et al. (2021, 2022), Hutcheon and 
Hutchison (1989), Kita et al. (2000), Rudraswami and 
Goswami (2007), Rudraswami et al. (2008), Ville-
neuve et al. (2009), Mishra et al. (2010), Pape et al. 
(2019), Bollard et al. (2019). Figure modified after 
Fukuda et al. (2022).   
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2019; Siron et al., 2021, 2022; Fukuda et al., 2022) but long enough to 
have survived until the accretion of chondrules to form chondrites 
(Sugiura and Fujiya, 2014). 

Pape et al. (2019) presented 26Al-26Mg crystallization ages for a large 
number of individual ferromagnesian chondrules (glass bearing) from 
unequilibrated ordinary chondrites of petrologic type <3.15. The initial 
(26Al/27Al)0 ratios correspond to 26Al-26Mg ages from 1.76+0.36

− 0.27 Ma to 
2.92+0.51

− 0.34 Ma after CAIs using the canonical (26Al/27Al)0 = 5.23 × 10− 5 

(Jacobsen et al., 2008; Larsen et al., 2011). One of the two youngest 
chondrules with an age of ~2.92 Ma was later interpreted to date the 
time of partial remelting after primary formation in the protoplanetary 
disk (Pape et al., 2021). The authors combined their data with the 
previously published 26Al-26Mg ages of the ferromagnesian chondrules 
in unequilibrated OCs (Hutcheon and Hutchison, 1989; Kita et al., 2000; 
Mostefaoui et al., 2002; Kita et al., 2005; Rudraswami and Goswami, 
2007; Rudraswami et al., 2008; Villeneuve et al., 2009) and showed two 
major initial (26Al/27Al)0 clusters corresponding to the age of 2.0 and 
2.3 Ma after CAIs. However, in a recent study by Siron et al. (2022) a 
slightly older chondrule formation duration from 1.8 to 2.2 Ma after 
CAIs was determined for chondrules from unequilibrated ordinary 
chondrites irrespective of the mesostasis type (plagioclase-bearing or 
glass bearing) (Fig. 2). These authors argued that the younger ages 
determined by Pape et al. (2019) and Villeneuve et al. (2009) might be 
because the glass in chondrule mesostasis (which was the focus in these 
two studies) is more prone to alteration during secondary processes than 
plagioclase. 

The compilation of chondrule formation ages by Pape et al. (2019) 
shows a similar range of ages for the ferromagnesian chondrules from L 
and LL-OCs and CO and CV chondrites (Yurimoto and Wasson, 2002; 
Kunihiro et al., 2004; Sugiura and Krot, 2007; Kurahashi et al., 2008; 
Ushikubo et al., 2010; Nagashima et al., 2007, 2008, 2014, 2017; 
Schrader et al., 2017). Fukuda et al. (2022) updated the 26Al-26Mg 
chondrule formation duration for CO to ~2.2–2.7 Ma after CAIs and 
reported first 26Al-26Mg ages for CM chondrules corresponding to 
~2.4–2.8 Ma after CAIs. Together with the chondrule formation dura-
tion in CV (Nagashima et al., 2017) and OC meteorites (Siron et al., 
2021, 2022), the authors inferred a temporal shift in chondrule gener-
ation from the inner to the outer part of the protoplanetary disk (Fig. 2). 
The combined ages for these chondrules supports multiple short-lived 
episodes of chondrule formation between 1.8 and 3 Ma after CAI 
formation. 

Compared to the other carbonaceous chondrites, 26Al-26Mg chon-
drule formation ages for CR chondrites are up to 1 Ma younger (Naga-
shima et al., 2014; Schrader et al., 2017; Tenner et al., 2019). Tenner 
et al. (2019) reported a mean CR chondrule formation age of 3.8 ± 0.3 
Ma after CAIs and suggested that most CR chondrules formed immedi-
ately before parent body accretion. Desch et al. (2018) studied the 
abundances of refractory elements and inclusions in each chondrite 
group and suggested that the CR chondrule-forming region was outside 
the CM, CO, and CV chondrule-forming regions. In a recent study, 
Marrocchi et al. (2022) reported a comprehensive textural and isotopic 
characterization of type I CR chondrules and concluded that the CR 
reservoir may have largely belonged to the continuum shown by other 
carbonaceous chondrites (from matrix-poor CO and CV to matrix rich 
CI). Similar to the CR chondrites, much younger chondrules have been 
observed in CB chondrites with ages of 4–5 Ma after CAI formation (e.g., 
Krot et al., 2005). However, CB chondrules are strongly dominated by 
metal with minor silicate and thus are inferred to have different genesis 
than the silicate chondrules in normal chondrites (e.g., Krot et al., 2005; 
Bollard et al., 2015). 

Hellmann et al. (2020) reported internal 182Hf-182W systematics of a 
macrochondrule from the L5/6 chondrite NWA 819 that corresponds to 
a model age of 1.4 ± 0.6 Ma after CAIs. These authors also reported 
182Hf-182W data for metal from the host chondrite that gives a younger 
model age of ~11 Ma after CAIs. The internal macrochondrule age was 

interpreted as the time of metallic melt removal from the chondrule 
assuming chondritic Hf/W of the reservoir whereas the 182Hf-182W data 
for metal from the host chondrite gives the time of cooling below the 
182Hf-182W closure temperature during thermal metamorphism on the 
parent body. The difference in the 182Hf-182W model ages between the 
macrochondrule and the host metal shows that the 182Hf-182W system-
atics of the bulk macrochondrule were not disturbed during thermal 
metamorphism. 

Ages based on Pb-Pb systematics of single chondrules that are close 
to CAI formation ages have been reported by Bollard et al. (2017, 2019). 
These are the only such old ages and were determined with only Pb-Pb 
system and no short-lived isotope system. The interpretation of these 
absolute ages relies on the idea that the Pb-Pb system is apparently 
“assumption free”, thus there is no need to know the isotope composi-
tion and isotope abundance of the parent and daughter elements to 
derive an age, only the measurements of Pb isotope ratios are required 
(e.g. Bollard et al., 2019). Based on the measurements of these old ages 
Bollard et al. (2019) proposed a late addition of the short-lived isotopes 
to the early solar system. However, this is difficult to reconcile with the 
old and reproducible ages of CAIs using different short-lived isotope 
systems. Thus, the reason for this age difference remains enigmatic. 
Possible causes for these apparently older Pb-Pb ages could be (a) in-
heritance of old refractory phases with high U/Pb, (b) heterogeneous U 
isotope compositions (Reger et al., 2023) and/or (c) loss of intermediate 
daughters (Pape et al., 2019). 

2.3.2. Bulk chondrule ages 
Luu et al. (2015) measured the bulk δ26Mg of 14 chondrules from 

CV3 chondrite Allende and determined a bulk chondrule isochron with 
an initial (26Al/27Al)0 ratio that corresponds to an age of 1.53 ± 0.18 Ma 
after CAIs. The isochron is interpreted to date the time when the bulk 
27Al/24Mg ratio of the chondrule precursors was established (e.g., dur-
ing their formation by condensation from the gas). The authors com-
bined their data with the previously published bulk δ26Mg data for 
Allende and Semarkona (LL3) chondrites (Galy et al., 2000; Bizzarro 
et al., 2004; Villeneuve et al., 2009) and found that some chondrules 
plot in between the bulk CAI isochron and the bulk chondrule isochron. 
The authors suggested that these chondrules represent either the for-
mation of chondrule precursors starting contemporaneously with the 
formation of CAI precursors and ending ~1.5 Ma later or that all 
chondrule precursors formed at the same time as CAI precursors (or very 
close to CAI precursors) and were later reset during the chondrule 
forming events. 

The 53Mn-53Cr system has been used to produce bulk chondrule 
isochrons for LL, CB, CO and EH chondrites (Yin et al., 2007; Yamashita 
et al., 2010; Zhu et al., 2019a, 2020a). Zhu et al. (2020a) reported Cr 
isotope data of nine chondrules in one of the least thermally meta-
morphosed EH chondrites, Sahara 97,096. Two of these chondrules 
show mass-independent 54Cr isotope compositions, atypical of enstatite 
chondrites and similar to carbonaceous chondrites. The authors sug-
gested the transport and mixing of CC-like chondrules into the EC ac-
cretion region and only used the EC-like chondrules to produce a bulk 
chondrule isochron. One more chondrule with a high Fe/Cr ratio was 
removed from the bulk isochron speculating disturbance due to mild 
metamorphism and a high abundance of sulfides in the chondrule, as 
revealed by element mapping. The other six chondrules produced a bulk 
isochron yielding an initial (53Mn/55Mn)0 ratio which corresponds to an 
age of 1.60 ± 0.59 Ma after CAIs. The authors interpreted this age as 
indicating the formation of EC chondrule precursors. In an earlier study, 
Zhu et al. (2019a) presented bulk chondrule isochron for the CO3 
chondrite Ornans. The slope of the isochron corresponds to age within 
the error of the formation of CAIs. The authors also reported heteroge-
neity of ε54Cr in CO chondrules suggesting mixing between ε54Cr- 
depleted and ε54Cr-enriched reservoirs forming in the inner and outer 
solar system. Owing to the heterogeneously distributed chondrule pre-
cursor material for CO chondrules, any chronological interpretation of 
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the bulk chondrule isochron lacks certainty. Yamashita et al. (2010) 
reported high-precision Cr isotope ratios for chondrules, and metal grain 
separated from CB chondrite Gujba. The identical ε54Cr composition of 
the investigated chondrules and metal grains implies that the Cr isotope 
systematics of the meteorite was once completely equilibrated. A bulk 
chondrule and metal grain isochron was produced with a slope corre-
sponding to an age of 4.03 ± 0.81 Ma after CAIs. The authors interpreted 
this age as the minimum age of chondrule formation. In an earlier study, 
Yin et al. (2007) presented a bulk chondrule isochron for chondrules 
extracted from an ordinary chondrite Chainpur (LL3.4) to evaluate the 
consistency of 53Mn-53Cr, 26Al-26Mg and 207Pb-206Pb chronometers. The 
slope of the bulk chondrule isochron corresponds to an age of 1.51 ±
1.46 Ma after CAIs and has been inferred as the age of chondrule for-
mation. However, no Fe/Cr and ε54Cr data was provided in the study 
that can confirm negligible spallogenic Cr contribution and co-genesis of 
all the chondrules which is required to support the chronological sig-
nificance of the isochron. 

2.3.3. Chondrule components and bulk chondrules-matrix isochrons 
High-precision W isotope measurements on chondrules and matrix 

separated from Allende CV3 chondrite show that both components 
exhibit complementary ε183W anomalies (Budde et al., 2016b). A 
182Hf-182W isochron from three matrices and six chondrule separates 
corresponds to an age of 2.20 ± 0.57 Ma after CAIs and this age is 
inferred as the time at which most Allende chondrules formed. To pre-
serve the inner solar system ε183W of bulk chondrites, it is required that 
chondrules and matrix accreted rapidly to form the chondrite parent 
body. Rapid accretion of chondrite parent bodies has also been deduced 
based on the homogeneous composition of the Allende matrix (Neuland 
et al., 2021). In a separate study, Budde et al. (2018) used the metal, 
silicate and chondrule separates from four CR chondrites and obtained 
an isochron. The slope of this isochron corresponds to an age of 3.62 ±
0.28 Ma after CAIs and was inferred as the time of metal-silicate frac-
tionation in CR chondrites. The authors also reported distinct nucleo-
synthetic W and Mo isotope anomalies in the metal and silicate 
components of CR chondrites, consistent with the model that the major 
components of a given chondrite formed together from a single reser-
voir. However, Sanders and Scott (2022) have recently questioned this 
interpretation and developed a model suggesting hydrothermal meta-
morphism can cause complementary isotopic compositions of chon-
drules and matrix in Allende. These authors showed that anomalous Mo 
and W, both depleted in s-process isotopes, can easily be leached from 
their carriers in the matrix, then transported in solution and precipitated 
preferentially in water-deficient components, such as chondrules, where 
the aqueous solvent is consumed. Since hydrothermal metamorphism is 
a planetary process that occurred after accretion, it does not inform 
about the chondrule-forming mechanisms. If this interpretation is cor-
rect, the age of 3.62 ± 0.28 Ma for CR provides information on equili-
bration on the parent body, but is still a minimum age for the accretion 
of the planetesimal. 

2.4. Chronology of chondrites 

2.4.1. Internal isochrons from chondrite components: onset and prograde 
metamorphism 

The 53Mn-53Cr and 182Hf-182W are the two main short-lived chro-
nometers employed to study thermal/aqueous alteration in chondrites. 
The internal isochrons produced using mineral fractions or chondrite 
components date the formation of new mineral phases on chondrite 
parent bodies formed by thermal overprint or aqueous alteration after 
accretion. Hence, the thermal/aqueous alteration ages constrain the 
upper limit on the timing of the chondrite parent-body accretion. The 
26Al-26Mg system cannot be used to study these parent body processes 
since the system was practically extinct by the time of the accretion of 
the parent bodies. 

Several studies have focussed on the thermal history of the ordinary 

chondrite parent bodies and proposed an ‘onion-shell’ model that pre-
dicts that higher temperatures are achieved at greater depths and 
slightly different times during the evolution of the chondrite parent 
bodies (e.g., Pellas and Storzer, 1981; Trieloff et al., 2003). This group of 
meteorites includes material from petrological type 3 (unequilibrated, 
low thermal overprint) to types 4–6 (equilibrated, higher metamorphic 
grades) (Van Schmus and Wood, 1967). Since type 3 samples represent 
the last aggregating material on the chondrite parent bodies, the 
53Mn-53Cr and 182Hf-182W thermal/aqueous alteration ages from type 3 
chondrites cannot be older than the youngest 26Al-26Mg chondrule for-
mation ages which record the chondrule melting and remelting events 
that must have occurred before their incorporation into the chondrite 
parent body. Hence the youngest chondrule formation ages constrain the 
lower limit on the timing of the chondrite parent-body accretion. 

Using the 53Mn-53Cr isotope systematics in ordinary chondrites, 
Anand et al. (2021a) investigated eight ordinary chondrites from 
petrological type 3 to 6 and produced two-point isochron ages using 
chromite and silicate-metal-sulfide fractions. Combined with the 
53Mn-53Cr isochron ages for two more samples, Finney (L5, Lugmair and 
Shukolyukov, 1998) and Ste. Marguerite (H4, Trinquier et al., 2008), 
thermal metamorphism on the ordinary chondrite parent bodies started 
at ~2.8 Ma after CAIs and continued up to ~17 Ma after CAIs (Table 2) 
when the retrograding metamorphic temperatures dropped below the 
closure temperature of the 53Mn-53Cr system in the core of the plane-
tesimals. Trinquier et al. (2008) and Göpel et al. (2015) studied several 
carbonaceous chondrites (CI, CV, CO, CM, Tafassasset) and produced 
ε54Cr vs. 55Mn/52Cr correlation lines for acid leachates from each 
chondrite. The authors interpreted the correlation lines as isochrons 
reflecting the time of Cr isotopic equilibration among matrix minerals. 
However, Zhu et al. (2021a) argued that the correlation lines from 
carbonaceous chondrite leachates most likely represent mixing lines 
since chondritic components, e.g., CAIs, chondrules, matrix, metal, and 
carbonates have different origins and times of formation. Hence any 
chronological interpretation of these correlation lines lacks certainty. 

The cooling history of the H-chondrite parent body was studied by 
Trieloff et al. (2003) using Pb-Pb, Ar-Ar and Pu fission track ages which 
are chronometers with different closure temperatures. From the results, 
they derived an onion-shell model for the parent body with an accretion 
age prior to ~4 Ma after CAI formation. 

Shukolyukov and Lugmair (2004) studied the 53Mn-53Cr isotope 
systematics in enstatite chondrites by a differential dissolution proced-
ure and produced isochron ages corresponding to 4.71 ± 0.19 Ma after 
CAIs for Indarch (EH4), 4.34 ± 0.67 Ma for Abbe (EH4) and 9.19 ± 0.26 
Ma for Khairpur (EL6) (Table 2). Later studies such as Guan et al. (2007) 
and Hopp et al. (2021), however, found that the 53Mn-53Cr systematics 
of enstatite chondrites are easily affected by a variety of processes such 
as thermal disturbances, diffusion and weathering. Thus, the age con-
straints for enstatite chondrite accretion and thermal evolution are less 
certain than for ordinary chondrites, but appear to be very similar. 

The chronology and thermal history of the parent bodies of type 
4–6H, L and LL ordinary chondrites were studied by Hellmann et al. 
(2019) using 182Hf-182W systematics. The 182Hf-182W chronometer 
yielded ages of 3–4 Ma for type 4, 6–14 Ma for type 5, and 9–12 Ma for 
type 6 chondrites. In type 5 and 6 samples these ages constrain the 
timing of cooling from peak metamorphic temperatures below the 
182Hf-182W closure temperature (Table 2) in the respective sample. 

Some carbonaceous chondrites show evidence of hydrous alteration, 
with the CI chondrites having completely reacted to hydrous mineral 
assemblages. The 53Mn-53Cr chronometer has also been applied to date 
this fluid-mediated metamorphism that led to the formation of carbon-
ates (mostly calcite and dolomite) in chondrites (e.g., Endress et al., 
1996; Hoppe et al., 2007; deLeuw et al., 2009; Petitat et al., 2011; Fujiya 
et al., 2012, 2013; Jilly et al., 2014; Jilly-Rehak et al., 2017; Visser et al., 
2020). A compilation of 53Mn-53Cr formation ages of carbonates in CI, 
CR, Tagish Lake (C2) and CM carbonaceous chondrites and C1 and CM- 
like clasts from complex breccias constrains the timing and extent of 
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hydrothermal alteration on their parent bodies from ~2 Ma to ~6 Ma 
after the formation of CAIs (Visser et al., 2020, Table 3, Fig. 3). Bischoff 
et al. (2021) determined the 53Mn-53Cr systematics in carbonates from 
the Flensburg (C1-ung) chondrite and derived an age of 2.18 ± 1.15 Ma 
after CAIs, representing one of the oldest carbonates measured in any 
chondrite. 

Besides chondrites, samples returned from the CI-like asteroid Ryugu 
were studied recently to obtain ages for dolomite and magnetite pre-
cipitation during aqueous alteration using 53Mn-53Cr systematics 
(Yokoyama et al., 2022; Nakamura et al., 2022; McCain et al., 2023). 
Yokoyama et al. (2022) reported that dolomite precipitation in the 
Ryugu samples occurred at 5.21+0.79

− 0.69 Ma after CAIs. However, McCain 
et al. (2023) reported that carbonates in Ryugu formed much earlier - 
within 1 ± 0.8 Ma after CAI formation. McCain et al. (2023) argued that 
this difference arises from their use of matrix-matched standards, as 
opposed to calcite standards used exclusively in previous studies. 

In addition to carbonates, the formation of secondary fayalite and 
kirschsteinite (CaFeSiO4) has been dated using 53Mn-53Cr chronometer 
to constrain the time scales and hydrothermal evolutionary processes on 
the CO, CV and ordinary chondrite parent bodies (Hutcheon et al., 1998; 
Hua et al., 2005; Doyle et al., 2015; Jogo et al., 2009, 2017; MacPherson 
et al., 2017b). However, Doyle et al. (2015) showed that prior to their 
study, the 53Mn-53Cr systematics of fayalite were analyzed using inap-
propriate standards and hence yielded unreliable ages. Doyle et al. 
(2015) reported 53Mn-53Cr ages of fayalite formed during aqueous 
alteration in the L3 chondrite Elephant Moraine 90161 at 2.36+1.77

− 1.33 Ma, 
in CV3 chondrite Asuka 881317 at 4.22+0.83

− 0.71 Ma and in the CO3-like 
chondrite MacAlpine Hills 88107 at 5.15+0.45

− 0.42 Ma after CAIs (Table 3, 
Fig. 3). The 53Mn-53Cr chronology of kirschsteinite in the reduced CV3 

chondrites Vigarano and Efremovka corresponds to an age of 3.21+0.77
− 0.67 

Ma after CAIs (MacPherson et al., 2017b, Table 3, Fig. 3). Based on the 
formation ages of secondary carbonates in hydrated carbonaceous 
chondrites, and fayalite and kirschsteinite in the CO, CV and ordinary 
chondrites, it has been inferred that the onset and duration of parent 
body alteration are similar across all the carbonaceous chondrite groups 
measured to date (CO, CI, CV, CM, CR and Tagish Lake), but occurred 
later than metamorphism on the parent bodies of ordinary chondrites 
(Visser et al., 2020; Suttle et al., 2021). 

2.4.2. Bulk chondrites isochrons: age significance? 
A number of studies in the literature have evaluated the Mn/Cr data 

for bulk chondrites in a 55Mn/52Cr vs. ε53Cr diagram (Shukolyukov and 
Lugmair, 2006; Qin et al., 2010a; Trinquier et al., 2008; Göpel et al., 
2015; Zhu et al., 2021a, Table 4). However, whether the correlation 
between chondrites in 55Mn/52Cr vs. ε53Cr space can be interpreted as an 
isochron is debated (e.g., Scott and Sanders, 2009; Zhu et al., 2021a). 
Shukolyukov and Lugmair (2006) reported that if the 55Mn/52Cr vs. 
ε53Cr correlation line for bulk carbonaceous chondrites is considered to 
be an isochron, it yields information on the Mn and Cr abundances at the 
time of volatility-driven Mn/Cr fractionation among chondrites or their 
source reservoir. Trinquier et al. (2008) included Earth, Mars and Vesta 
on the 55Mn/52Cr vs. ε53Cr diagram for bulk chondrites (OC, EC, CI, CV, 
and CO) and inferred that the slope of the correlation line corresponds to 
the time of last isotopic equilibration of Mn and Cr in the protoplanetary 
disk. Göpel et al. (2015) used the slope of the 53Mn-53Cr evolution di-
agram for bulk carbonaceous chondrites to determine the solar system 
initial (53Mn/55Mn)0 and ε53Cr0 which corresponds to CAI formation. 
The argument against any chronological significance of a bulk chondrite 
correlation line is that chondrites as well as chondrite components, such 

Table 2 
53Mn-53Cr and 182Hf-182W chronological data for thermal metamorphism on the parent bodies of ordinary and enstatite chondrites.  

Sample Group Type (53Mn/55Mn)0 2σ Age (Ma) 2σ Ref. 
53Mn-53Cr chronology 
SaU 246 H 3/4 2.35E− 06 4.3E− 07  5.64  0.90 a 
RaS 337 H 3,6 3.03E− 06 2.4E− 07  4.29  0.41 a 
JaH 578 H 6 1.34E− 06 1.6E− 07  8.64  0.60 a 
SaU 228 H 6 9.41E− 07 1.48E− 07  10.53  0.78 a 
JaH 596 L 3 3.96E− 06 3.9E− 07  2.86  0.50 a 
RaS 265 L 3 2.02E− 06 2.1E− 07  6.45  0.53 a 
Dho 1012 L 6 3.80E− 07 1.35E− 07  15.37  1.62 a 
AHu 017 L 6 1.04E− 06 2.4E− 07  9.99  1.11 a 
Finney L 5 2.70E− 07   17.19  b 
Ste. Marguerite H 4 2.78E− 06 4.6E− 07  4.75  0.82 c 
Indarch EH 4 2.80E− 06 1.0E− 07  4.71  0.19 d 
Abee EH 4 3.00E− 06 4.0E− 07  4.34  0.67 d 
Khairpur EL 6 1.21E− 06 6E− 08  9.19  0.26 d   

Sample Group Type (182Hf/180Hf)0 2σ Age (Ma) 2σ Ref. 
182Hf-182W chronology 
Ste. Marguerite H 4 7.56E− 05 1.3E− 06  3.81  0.22 e 
ALH 84069 H 5 6.10E− 05 1.7E− 06  6.57  0.35 e 
Zhovtnevyi H 6 4.86E− 05 1.9E− 06  9.48  0.49 e 
Estacado H 6 3.84E− 05 3.5E− 06  12.50  1.12 e 
Sarstov L 4 7.80E− 05 2.6E− 06  3.41  0.42 e 
Tennasilm L 4 7.56E− 05 2.9E− 06  3.81  0.48 e 
NWA 6630 L 5 6.50E− 05 2.8E− 06  5.75  0.54 e 
Barwell L 5 5.61E− 05 2.0E− 06  7.64  0.45 e 
Kunashak L 6 5.16E− 05 1.1E− 06  8.71  0.27 e 
Bruderheim L 6 4.54E− 05 1.9E− 06  10.35  0.53 e 
NWA 7545 LL 4 7.29E− 05 4.2E− 06  4.28  0.72 e 
Tuxtuac LL 5 5.47E− 05 4.5E− 06  7.96  1.01 e 
NWA 6629 LL 5 4.57E− 05 2.8E− 06  10.27  0.76 e 
NWA 6935 LL 5 3.75E− 05 1.6E− 06  12.80  0.54 e 
NWA 5755 LL 6 4.41E− 05 2.9E− 06  10.73  0.82 e 
NWA 8192 L 5/6 4.28E− 05 7.4E− 06  11.11  2.04 f 

Ref: (a) Anand et al. (2021a) (b) Lugmair and Shukolyukov (1998) (c) Trinquier et al. (2008) (d) Shukolyukov and Lugmair (2004) (e) Hellmann et al. (2019) (f) 
Hellmann et al. (2020). 
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as chondrules, matrix, metals, CAIs and AOAs, all formed at different 
times and may have different source regions. Zhu et al. (2021a) reported 
comprehensive Mn/Cr bulk chondrite data and assessed the 55Mn/52Cr 
vs. ε53Cr correlation lines for carbonaceous, enstatite, ordinary and 
Rumuruti chondrites, individually and combined, and interpreted the 
55Mn/52Cr vs. ε53Cr correlation line as the result of multiple end- 
member mixing of different chondritic components (Table 4, Fig. 4). 

Similar to the 53Mn-53Cr systematics, bulk chondrites have also been 
found to correlate on a 26Mg/24Mg vs. 27Al/24Mg isochron diagram 
(26Mg/24Mg expressed as Δ′26Mg) and interpreted to have a common, 
canonical (26Al/27Al)0 in their parent bodies (Schiller et al., 2010b; Kita 
et al., 2013). In a recent study, Luu et al. (2019) showed that with the 
exception of CR and EC, bulk chondrites including CV, CI, CM, CO, CK, H 
and LL, define a primordial 26Al-26Mg isochron (Fig. 5). The marked 
departure of CR and EC from this array is interpreted as due to slightly 
higher Δ′26Mg of EC as result of their relatively late condensation and 
loss of refractory phases and, anomalously low (Δ′26Mg)0 of CR related 
to their markedly elevated δ15N. Nevertheless, the slope of this isochron 
yields an initial (26Al/27Al)0 = 4.7 ± 0.8 × 10− 5, which is within the 
uncertainty of the canonical (26Al/27Al)0 ratio defined by CAIs (Jacob-
sen et al., 2008; Larsen et al., 2011) and indicates a near homogeneous 
initial (26Al/27Al)0 during the formation of CAIs and precursor grains to 
the different meteorite groups (Luu et al., 2019). 

2.5. Chronology of magmatic iron meteorites 

The 182Hf-182W and 53Mn-53Cr short-lived chronometers are 
commonly used to constrain different stages in the evolution of iron 
meteorite parent bodies (Goldstein et al., 2009). Both systems can 
examine the timescales and mechanisms of metal segregation in the iron 
meteorite parent bodies since the parent and daughter elements of both 
systems have different geochemical behavior resulting in Hf/W and Mn/ 
Cr fractionation during the metal-silicate (-sulfide) separation including 
core formation (e.g., Kleine et al., 2005; Kruijer et al., 2014b, 2017; 
Anand et al., 2021b; Spitzer et al., 2021). Additionally, 53Mn-53Cr has 
also been applied to phosphates in IIIAB iron meteorites to determine 
cooling ages (Sugiura and Hoshino, 2003). 

Kruijer et al. (2017) examined a large set of magmatic iron meteorite 
groups (IIAB, IID, IIIAB, IVA, IVB, IC, IIC, IIF, IIIE, IIIF) using the 
182Hf-182W chronometer and determined core formation ages of 
~0.3–1.8 Ma after CAIs for the non-carbonaceous iron meteorite parent 
bodies and ~2.2–2.8 Ma for the carbonaceous iron meteorite parent 
bodies (Table 5, Fig. 6). Anand et al. (2021b) used the 53Mn-53Cr 
chronometer to determine chromite/daubréelite model ages from the 
three largest magmatic iron meteorite groups, IIAB, IIIAB and IVA. The 
authors calibrated the 53Mn-53Cr model ages with the 182Hf-182W core 
formation ages determined by Kruijer et al. (2017) and constrained the 
solar system initial ε53Cr0 to − 0.30 ± 0.05. Tornabene et al. (2020) 
updated the 182Hf-182W core formation age of IIC iron meteorites to 3.2 
± 0.5 Ma after CAIs and Tornabene et al. (2023) updated the 182Hf-182W 
core formation age of IC iron meteorites to 1 ± 0.4 Ma after CAIs. 
However, in a recent study, Spitzer et al. (2021) identified a small nu-
cleosynthetic Pt isotope anomaly in some ungrouped iron meteorites 
that has significant implications for the 182Hf-182W chronology of iron 
meteorites. Due to this nucleosynthetic Pt isotope anomaly, the authors 
suggested a ~1 Ma upward (younger) revision of the 182Hf-182W ages 
previously determined by Kruijer et al. (2017) and Tornabene et al. 
(2020, 2023) (Table 5, Fig. 6). Moreover, 182Hf-182W model ages of iron 
meteorites strongly depend on the Hf/W ratio and the associated W 
isotopic composition estimated for their precursors. So far, all studies 
that have determined 182Hf-182W core formation ages have assumed a 
carbonaceous chondrites-like Hf/W ratio of all the iron meteorite parent 
bodies. However, studies such as Lee and Halliday (2000) Hellmann 
et al. (2019) and Hellmann and Walker (2023), have shown that the 
parent bodies of enstatite chondrites and ordinary chondrites, that likely 
originated in the inner solar system, evolved with Hf/W ratios that are 
distinct from that of the carbonaceous chondrites, which are derived 
from the outer solar system. Hence, the current 182Hf-182W model ages 
of non-carbonaceous iron meteorites originating from the inner solar 
system might be erroneous. Recently, Hellmann and Walker (2023) re- 
evaluated the 182Hf-182W model ages of non-carbonaceous iron mete-
orites using the Hf/W ratio of EH chondrites and suggested a shift in the 
non-carbonaceous iron meteorites core formation ages by up to ~0.7 Ma 
towards a later formation. As a consequence, the younger core formation 

Table 3 
53Mn-53Cr chronological data for aqueous metamorphism on the parent bodies of carbonaceous and ordinary chondrites.  

Sample Mineralogy Class/group Type (53Mn/55Mn)0 2σ Age (Ma) 2σ Ref. 

Carbonates 
Orgueil Dolomite CI  3.24E− 06 4.4E− 07  3.93  0.69 a 
Orgueil Dolomite CI  3.13E− 06 8.4E− 07  4.11  1.27 e 
Y 980115 Dolomite CI  3.37E− 06 8.2E− 07  3.72  1.16 a 
Ivuna Dolomite CI  2.78E− 06 5.1E− 07  4.75  0.90 e 
Ivuna Dolomite CI  2.64E− 06 3.9E− 07  5.02  0.74 a 
Alais Dolomite CI  3.68E− 06 6.4E− 07  3.25  0.86 e 
Kaidun Carbonate CI-clast  4.20E− 06 4.0E− 07  2.54  0.49 f 
Kaidun Carbonate CI-clast  2.89E− 06 4.1E− 07  4.54  0.71 e 
Ryugu Dolomite CI  2.55E− 06 3.5E− 07  5.21  0.69 g 
Ryugu Dolomite CI  6.10E− 06 0.90E− 06  1.00  0.80 h 
Murchison Calcite CM 2.5 2.66E− 06 7.9E− 07  4.98  1.39 c 
Y 791198 Calcite CM 2.4 3.40E− 06 7.4E− 07  3.67  1.05 c 
ALH 83100 Dolomite CM 2.1 2.79E− 06 4.7E− 07  4.73  0.83 c 
Sayama Dolomite CM 2.1 3.38E− 06 4.0E− 07  3.70  0.60 c 
Sutter's Mill Dolomite CM 2.0/2.1 3.42E− 06 3.6E− 07  3.64  0.53 b 
Kaidun-1 Carbonate CM-clast  4.66E− 06 1.20E− 06  1.99  1.22 e 
Renazzo Dark dolomites CR 2.4 3.70E− 06 1.70E− 06  3.22  2.02 d 
Tagish Lake Dolomite C-ung 2 3.16E− 06 6.9E− 07  4.06  1.05 a 
Flensburg Carbonate C-ung 1 4.50E− 06 1.08E− 06  2.18  1.15 i  

Silicates 
Vigarano + Efremovka Kirschsteinite CV 3 3.71E− 06 5.0E− 07  3.21  0.67 j 
Asuka 881317 Fayalite CV 3 3.07E− 06 4.4E− 07  4.22  0.71 k 
MAC 88107 Fayalite CO 3.0–3.1 2.58E− 06 2.1E− 07  5.15  0.42 k 
EET 90161 Fayalite L 3.05 4.35E− 06 1.23E− 06  2.36  1.33 k 

Ref: (a) Fujiya et al. (2013) (b) Jilly et al. (2014) (c) Fujiya et al. (2012) (d) Jilly-Rehak et al. (2017) (e) Visser et al. (2020) (f) Petitat et al. (2011) (g) Yokoyama et al. 
(2022) (h) McCain et al. (2023) (i) Bischoff et al. (2021) (j) MacPherson et al. (2017b) (k) Doyle et al. (2015). 

A. Anand and K. Mezger                                                                                                                                                                                                                      



Geochemistry 83 (2023) 126004

10

ages suggested by (1) Spitzer et al. (2021) due to nucleosynthetic Pt 
isotope anomaly and (2) Hellmann and Walker (2023) due to distinct 
Hf/W ratio of the non‑carbonaceous reservoir, an even lower solar 
system initial ε53Cr0 (<− 0.30 ± 0.05) is expected based on combined 
53Mn-53Cr and 182Hf-182W model ages of the magmatic iron meteorites. 

The combined ages for core formation based on 53Mn-53Cr and 
182Hf-182W systematics of magmatic irons constrain a time-interval of 1 
to 2 Ma for irons from the non‑carbonaceous reservoir, and a slightly 
later formation age of 2 to 4 Ma after CAIs for irons from the carbona-
ceous reservoir. Thus, the cores from which the non-carbonaceous iron 
meteorites originated accreted in a time interval between the accretion 
of CAIs and the formation of the first chondrules. 

Apart from the metal-silicate separation ages of the iron meteorite 
parent bodies, Sugiura and Hoshino (2003) investigated 53Mn-53Cr 
systematics in phosphates (sarcopside, graftonite, beusite, galileiite, and 
johnsomervilleite) in IIIAB iron meteorites and determined 53Mn-53Cr 
cooling ages that range from 2.60 ± 1.47 Ma to 22.66 ± 0.43 Ma after 
CAIs. 

2.6. Chronology of primitive achondrites: acapulcoite-lodranites, 
brachinites and winonaites 

There are no published chronological data reported for brachinites 
using short-lived isotope systems. For winonaites, only one high- 
precision 182Hf-182W study is available by Schulz et al. (2010) who 
derived an isochron from bulk, silicate and metal fractions from samples 
HaH 193, Mount Morris, Winona, NWA 4024 and NWA 1457. The 
intercept of the isochron yields a model age of 6.60+3.20

− 2.56 Ma after CAIs, 
which is inferred as the time of a melting event on the winonaites parent 
body. In contrast, the slope of the isochron corresponds to an age of 
14.94+2.99

− 2.42 Ma after CAIs and is interpreted to date the timing of meta-
morphic redistribution. Schulz et al. (2010) also produced an isochron 
after combining the bulk, metal and silicate fractions from two aca-
pulcoite samples Dhofar 125 and Monument Draw. The slope of this 
isochron corresponds to an age of 4.70+1.22

− 1.11 Ma after CAIs and is inter-
preted to date the melting event on the acapulcoite parent body. This 
age obtained from combined acapulcoite fractions is also in agreement 
with the previously reported 182Hf-182W combined isochron age of 5.76 

± 0.67 Ma after CAIs determined from acapulcoites NWA 2775 and 
Dhofar 125, and internal isochron age of 6.28 ± 0.84 Ma determined 
from lodranite NWA 2627 (Touboul et al., 2009). The isochron ages are 
interpreted to date the timing of the 182Hf-182W system below the 
closure temperature (Table 6). 

2.7. Chronology of differentiated achondrites: aubrites, angrites, ureilites 
and HEDs 

The 26Al-26Mg studies of aubrites show that the absence of excess 
26Mg constrains their formation to >2.9 Ma after CAI formation (e.g., 
Baker et al., 2012). Shukolyukov and Lugmair (2004) studied the 
53Mn-53Cr isotope systematics of aubrites Pena Blanca Spring, Bishop-
ville and Cumberland Falls, through a sequential digestion experiment 
and showed a lack of internal isochrons in the studied samples due to 
Mn/Cr redistribution after 53Mn had decayed. However, the whole-rock 
data for aubrites was used to produce an external isochron that yields an 
age of 6.51 ± 1.19 Ma after CAIs. Zhu et al. (2021b) added more main 
group aubrites to the bulk-rock isochron and updated the slope corre-
sponding to an age of 5.21 ± 1.00 Ma after CAIs (Table 7). The authors 
also used the mass-dependent Cr isotope data and mass-independent 
54Cr anomalies to show that the bulk isochron is a mixing line be-
tween lithologies with abundant Cr-rich sulfide and lithologies with Cr- 
poor silicates. Consequently, the age obtained from the isochron was 
inferred as the time of silicate and sulfide mineral crystallization or the 
age of silicate differentiation on the parent body of the main-group 
aubrites. 

Angrites are mafic to ultramafic meteorites that formed by melting in 
the mantle of an early differentiated planetesimal(s). Kleine et al. (2012) 
investigated a comprehensive suite of angrites and reported 182Hf-182W 
internal isochrons obtained using mineral separates, whole rocks and 
fine fractions. The isochrons correspond to ages ranging from 4.54 ±
0.30 to 11.93 ± 0.75 Ma after CAIs and are inferred as the time of 
crystallization. Similarly, 26Al-26Mg internal isochrons based on mineral 
separates from angrites Asuka 881394, D'Orbigny, Sah 99555 and NWA 
1670 correspond to crystallization ages ranging from 3.91 ± 0.06 to 
5.23 ± 0.05 Ma after CAIs (Wadhwa et al., 2009; Schiller et al., 2015). 
Both internal and external bulk-rock isochrons are published for angrites 
using 53Mn-53Cr systematics (Table 7). Internal isochrons for angrites, 
D'Orbigny, Sahara 99555, Asuka 881371, NWA 1670 and LEW 86010 
yield crystallization ages from 3.01 ± 0.31 to 9.01 ± 0.29 Ma after CAIs 
(Lugmair and Shukolyukov, 1998; Glavin et al., 2004; Sugiura et al., 
2005; Wadhwa et al., 2009). Zhu et al. (2019b) reported 53Mn-53Cr 
systematics for seven bulk angrites and produced an external isochron 
that corresponds to an age of 4.06 ± 0.18 Ma after CAIs. All the angrites 

Fig. 3. The timing of aqueous alteration on the parent bodies of carbonaceous 
and ordinary chondrites inferred from 53Mn-53Cr chronology of the secondary 
carbonates and silicates. The dotted line and shaded region represent the mean 
and 2σ of the ages respectively. Ref: (a) Fujiya et al. (2013) (b) Jilly et al. 
(2014) (c) Fujiya et al. (2012) (d) Jilly-Rehak et al. (2017) (e) Visser et al. 
(2020) (f) Petitat et al. (2011) (g) Yokoyama et al. (2022) (h) McCain et al. 
(2023) (i) Bischoff et al. (2021) (j) MacPherson et al. (2017b) (k) Doyle 
et al. (2015). 
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Table 4 
A compilation of initial (53Mn/55Mn)0, ε53Cr0 and corresponding ages inferred from the bulk chondrite 55Mn/52Cr vs. ε53Cr plots.  

Samples (53Mn/55Mn)0 2σ ε53Cr0 2σ Age? (Ma) 2σ Ref 

Bulk CC 8.50E− 06 1.50E− 06  − 0.21  0.09  − 1.22  0.87 a 
Bulk OC, EC, CI, CV, CO and terrestrial planets 6.53E− 06 1.93E− 06  − 0.23  0.11  0.19  1.38 b 
Bulk CC 6.80E− 06   − 0.18   − 0.03  0.00 c 
Bulk OC 5.39E− 06 2.23E− 06  − 0.16  0.05  1.21  1.85 d 
Bulk OC, EC, CI, CR, CB, CH, CK, CV, CO, CM 3.23E− 06 8.9E− 07  0.00  0.05  3.95  1.30 d 

Ref: (a) Shukolyukov and Lugmair (2006) (b) Trinquier et al. (2008) (c) Göpel et al. (2015) (d) Zhu et al. (2021a). 

Fig. 4. ε53Cr vs. 55Mn/52Cr diagram for bulk chondrites. See Zhu et al. (2021a) for data and references. 
Figure modified after Zhu et al. (2021a) who interpret the best fit 53Mn-53Cr correlation line as a mixing line rather than an isochron. 

Fig. 5. Δ′26MgDSM-3 (DSM-3 international terrestrial standard, see Luu et al. (2019) for the definition) vs. 27Al/24Mg diagram for bulk chondrites. See Luu et al. 
(2019) for data and references. 
Figure modified after Luu et al. (2019). 
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show homogeneous ε54Cr values and the age obtained from the bulk- 
angrite isochron is inferred as the time of Mn/Cr fractionation through 
magmatic processes and mantle-crust differentiation. 

Ureilites are products of partial melting of the mantle in a carbon- 
rich asteroid (e.g., Goodrich et al., 2004; Warren et al., 2006) and 
have been extensively studied using the short-lived chronometers 
182Hf-182W and 53Mn-53Cr. Earlier studies on ureilites have reported 
55Mn-52Cr internal isochrons yielding crystallization ages ranging from 
3.75 ± 0.62 to 4.63 ± 0.20 Ma after CAIs (Goodrich et al., 2010; 
Yamakawa et al., 2010). Budde et al. (2015) presented 182Hf-182W sys-
tematics on 12 whole-rock ureilites that give a mean model age of 3.3 ±
0.7 Ma after CAIs and this age is inferred as the time of silicate melt 
extraction in the ureilite parent body (Table 7). Zhu et al. (2020b) re-
ported a bulk ureilite 53Mn-53Cr isochron that corresponds to an age of 
0.62 ± 1.25 Ma after CAIs. The age obtained from this bulk-ureilite 
isochron is inferred as the time of an early partial melting event on 
the ureilite parent body. However, the isochron is mostly constrained by 
a single data point with an unusually high 55Mn/52Cr obtained from a 
ureilitic trachyandesite (ALM-A). 

The meteorites belonging to the HEDs clan are widely considered to 
originate from early magmatic activity on the Vesta parent body. Hublet 
et al. (2017) used the 26Al-26Mg chronometer to study basaltic and 
cumulate eucrites, and diogenites. Internal isochrons obtained from 
mineral separates constrain the crystallization of basaltic eucrites at 
2.66+1.39

− 0.58 Ma and cumulate eucrites from 5.48+1.56
− 0.60 Ma to >7.25 Ma after 

CAIs. Diogenites, however, show an absence of 26Mg deficits indicating 
their formation after the complete extinction of 26Al. The 182Hf-182W 
study of basaltic eucrites yields three internal isochron age groups of ~4 
Ma, ~11 Ma and ~22 Ma after CAIs (Touboul et al., 2015) and indicates 
an extended period of magmatic and metamorphic activity on the HED 
parent body. Similarly, Roszjar et al. (2016) reported 182Hf-182W chro-
nometry of individual zircon grains from six basaltic eucrites that show 
distinct growth episodes ranging from 4532+6

− 11 Ma to 4565.0 ± 0.9 Ma 
indicating that the mantle of 4 Vesta generated basaltic melts for ~35 
Ma. 

2.8. Chronology of stony iron meteorites: mesosiderites and pallasites 

Mesosiderites are stony-iron meteorites, consisting of eucrite-like 
silicates and Fe-Ni metal. Internal 53Mn-53Cr isochrons obtained from 
Vaca Muerta mesosiderite clasts (basaltic and orthopyroxenitic) show 
that Cr isotopes equilibrated after 53Mn was extinct (Wadhwa et al., 
2003). Zircon, an accessory phase in mesosiderites has been used for 
182Hf-182W chronology to constrain ancient events such as reheating of 
the mesosiderite parent body (e.g., Ireland, 1991). Koike et al. (2017) 
conducted in-situ 182Hf-182W dating of zircons from mesosiderite Asuka 
882023 and reported an age of 35.0 ± 5.67 Ma after CAIs. This age was 
interpreted as the timing of zircon formation, which occurred much later 
than the crustal differentiation of the parent body. 

Pallasites are a group of stony-iron meteorites mainly composed of 
olivine and Fe-Ni metal. Tungsten-Mo and Cr-O isotope studies suggest 
an impact mix of the silicate and metal portions that stem from distinct 
isotopic reservoirs (Kruijer et al., 2022; Windmill et al., 2022). The 
ε182W of the metal from main group pallasites gives a mean 182Hf-182W 
model age of 1.7 ± 0.6 Ma after CAIs and is interpreted as the timing of 
metal-silicate fractionation of the impactor body from which the metal is 
derived (Kruijer et al., 2022). Windmill et al. (2022) obtained a 
53Mn-53Cr isochron for the olivine fractions from the main group pal-
lasites that corresponds to an age of 9.32 ± 0.84 Ma after CAIs. The 
silicate portion originated from the impacted body and the isochron 
from the olivine fractions is inferred as the closure of the 53Mn-53Cr 
decay system. Overall robust age constraints for pallasites are still rare. 

Table 5 
A compilation of group averaged initial ε182W0 compositions of magmatic iron 
meteorites and corresponding 182Hf-182W model ages for core formation.  

Group Corrected to ε196Pt 
= 0 

Ref. Recalculated* 

ε182W pre- 
exposure 
(6/4) 

2σ Corrected to ε196Pt 
= − 0.06 ± 0.01 

ΔtCAI 

(6/4) 
[Ma] 

2σ 

ε182W pre- 
exposure 
(6/4) 

2σ 

NC 
IC  − 3.45  0.04 a  − 3.37  0.04  1.0  0.7 
IC  − 3.37  0.05 b  − 3.29  0.05  1.7  0.8 
IIAB  − 3.40  0.03 a  − 3.32  0.03  1.4  0.7 
IIIAB  − 3.35  0.03 a  − 3.27  0.03  1.9  0.7 
IIIE  − 3.28  0.06 a  − 3.20  0.06  2.6  0.9 
IVA  − 3.32  0.05 a  − 3.24  0.05  2.2  0.8  

CC 
IIC  − 3.20  0.12 a  − 3.12  0.12  3.4  1.4 
IICOs  − 3.14  0.09 c  − 3.14  0.09  3.2  1.1 
Wiley  − 3.23  0.11 a  − 3.15  0.11  3.1  1.3 
WileyOs  − 3.08  0.13 c  − 3.08  0.13  3.9  1.6 
IID  − 3.23  0.04 a  − 3.15  0.04  3.1  0.7 
IIF  − 3.21  0.05 a  − 3.13  0.05  3.3  0.8 
IIIF  − 3.24  0.10 a  − 3.16  0.10  3.0  1.2 
IVB  − 3.18  0.05 a  − 3.10  0.05  3.6  0.8 
SBTOs  − 3.25  0.08 d  − 3.25  0.08  2.1  1.0 
Babb's 

Mill  
− 3.26  0.13 e  − 3.26  0.13  2.1  1.4 

ILD 83500  − 3.29  0.15 e  − 3.29  0.15  1.7  1.5 
Guffey  − 3.10  0.12 e  − 3.10  0.12  3.7  1.4 
Hammond  − 3.13  0.16 e  − 3.13  0.16  3.3  1.8 

Ref: (a) Kruijer et al. (2017) (b) Tornabene et al. (2023) (c) Tornabene et al. 
(2020) (d) Hilton et al. (2019) (e) Spitzer et al. (2021). 

* Recalculated pre-exposure ε182W (6/4) and corresponding 182Hf-182W model 
ages as per Spitzer et al. (2021). 

Fig. 6. 182Hf-182W model ages for metal segregation in the parent bodies of 
magmatic iron meteorites. Pre-exposure ε182W are compiled in Table 5. Ref. for 
data: Kruijer et al. (2017); Tornabene et al. (2023); Tornabene et al. (2020); 
Hilton et al. (2019); Spitzer et al. (2021). 
Figure modified after Spitzer et al. (2021). 
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2.9. Chronology of ungrouped achondrites 

A number of ungrouped achondrites have been studied using short- 
lived chronometers to obtain insight into accretion, melting, and dif-
ferentiation processes occurring on a diverse group of planetesimals in 
the early solar system. The ages obtained using 26Al-26Mg, 182Hf-182W 
and 53Mn-53Cr chronometers are mostly inferred as the time of isotopic 
closure below the respective closure temperatures. Sanborn et al. (2019) 
investigated the carbonaceous achondrite NWA 6704/6693 using the 
26Al-26Mg and 53Mn-53Cr systems. The 26Al-26Mg isochron obtained 
using pyroxene and plagioclase mineral separates yielded an age of 5.38 
± 0.12 Ma after CAIs. The 53Mn-53Cr isochron based on chromite, metal, 
whole-rock and pyroxene fractions corresponds to an age of 5.13 ± 0.66 
Ma after CAIs. Bouvier et al. (2011) studied the 26Al-26Mg systematics in 
carbonaceous achondrite NWA 2976 (thought to be paired with NWA 
011 and NWA 2400, Connolly et al., 2007) and obtained an isochron 
that indicates a time of formation of 5.15 ± 0.04 Ma after CAIs. Simi-
larly, ungrouped achondrites NWA 7325 (non-carbonaceous, Goodrich 
et al., 2017) and Asuka 881394 (non-carbonaceous, Wimpenny et al., 
2019) are dated using 26Al-26Mg systematics and the obtained internal 
isochrons yield formation ages of 5.42 ± 0.05 Ma after CAIs for NWA 
7325 (Koefoed et al., 2016) and 3.75 ± 0.08 Ma for Asuka 881394 
(Wimpenny et al., 2019). The carbonaceous achondrite Tafassasset has 
been dated by 182Hf-182W and 53Mn-53Cr chronometers (Breton et al., 
2015; Göpel et al., 2015). The 182Hf-182W isochron obtained using 
separate mineral fractions yielded an age of 4.10 ± 1.16 Ma after CAIs 
(Breton et al., 2015). Göpel et al. (2015) investigated 53Mn-53Cr sys-
tematics in Tafassasset and defined an isochron using separated mineral 
fractions and sequentially digestion leachates corresponding to an age of 
3.80 ± 0.25 Ma after CAIs. Non-carbonaceous achondrite NWA 5363/ 
NWA 5400 has been studied using the 182Hf-182W systematics and the 
mean ε182W of the samples equates to a two-stage model age of Hf/W 
fractionation from a chondritic reservoir of 2.2 ± 0.8 Ma after CAIs 
(Burkhardt et al., 2017). Recently, Fang et al. (2022) investigated 
26Al-26Mg systematics in the andesitic achondrite EC 002 and reported 
an internal isochron age of 1.87 ± 0.01 Ma after CAIs, which makes EC 
002 the oldest volcanic rock dated so far. Anand et al. (2022) used the 
53Mn-53Cr systematics in EC 002 and obtained an internal isochron using 
sequential digestion leachates that correspond to an age of 1.88 ± 0.42 
Ma after CAIs. The authors also used the combined 54Cr and Δ17O 
isotope compositions of EC 002 to confirm its origin in the non- 
carbonaceous reservoir. Before the 26Al-26Mg and 53Mn-53Cr system-
atics of EC 002, the status of the oldest felsic igneous rock was held by 
carbonaceous achondrite NWA 11119 which was dated at 3.61 ± 0.05 
Ma after CAIs using the 26Al-26Mg chronometer (Srinivasan et al., 2018). 

3. Discussion and conclusions 

Fig. 7 summarizes the timing of events and processes in the early 
solar system from the time of CAI formation (t0) to the accretion of the 
first large planetesimals. The samples are separated into the two main 
groups representing the NC- and CC-reservoirs as suggested by Warren 

(2011). These reservoirs may correspond to the inner (NC-reservoir) and 
outer (CC-reservoir) solar system separated early by Jupiter (Kruijer 
et al., 2017). All these ages define processes and events associated with 
chemical fractionation that is also expressed in the separation of a 
radioactive parent from its radiogenic daughter element. Certain pro-
cesses and events apparently occurred in a very specific time interval; 
others occurred multiple times or continuously over the first ca. 10 Ma of 
the solar system. Specific and unique time intervals are observed for CAI 
formation, formation of silicate chondrules and aqueous alteration on 
planetary bodies. Accretion, metamorphism, differentiation of plane-
tesimals and planets and disruption of planetary bodies by collisions 
occurred continuously throughout this early time interval. A comparison 
of materials from the NC and CC reservoirs (i.e., inner vs. outer solar 
system) shows a slight indication that the different processes (i.e., first 
core formation, first chondrule formation) occurred earlier in the NC 
than the CC reservoir. However, this temporal offset, if real, is <1 Ma. 

The oldest precisely dated solids from the solar system are CAIs in 
chondrites. It is thus justified to use them to define the “beginning of the 
solar system”, t0. These highly refractory inclusions are most commonly 
preserved in carbonaceous chondrites and very rarely in non‑carbona-
ceous chondrites. Although their strong depletion in moderately volatile 
elements indicates high-temperature processing, very likely close to the 
Sun, they are mostly found in carbonaceous chondrites, which formed at 
a greater radial distance than non-carbonaceous chondrites and hence 
required their radial transport to the outer solar system (e.g., Burkhardt 
et al., 2019). After CAIs the next groups of ages are recorded in 
magmatic irons, which represent cores of differentiated planets. The 
oldest of these cores date within <1 Ma of CAI formation (Kruijer et al., 
2014b, 2017; Anand et al., 2021b). Core formation in planetesimals 
started in the inner NC-reservoir slightly earlier than in the outer CC 
reservoir (Table 5). Generally, melt generation and the efficiency of 
planetary differentiation decrease with increasing time of accretion 
relative to CAIs, smaller size of the planetesimal, and decreasing ac-
cretion rate of planetary bodies. The later the onset time of accretion the 
larger planetesimal has to be to enable large scale melting and major 
chemical differentiation, particularly core formation (Neumann et al., 
2012). This is because 26Al was the main heat source only in the early 
solar system. Impacts and accretion energy were the dominant heat 
sources only after 26Al was extinct. The oldest iron meteorites that 
formed contemporaneously, or shortly after CAIs, attest to the melting of 
their parent bodies due to heating by the decay of the short-lived isotope 
26Al. These early core formations occurred on several different plane-
tesimals and are well documented by numerous iron meteorites. It is 
relevant to note that no material has yet been found that corresponds to 
the silicate portion of these oldest differentiated bodies. Only rarely can 
silicates be related to iron meteorites. This correlation is only possible 
for examples where core formation occurred >2 Ma after t0. Such 
pairings are main group pallasites and howardite-eucrite-diogenites 
with IIIAB irons (e.g., Wasson, 2013), and, L/LL chondrites with IVA 
irons (e.g., Anand et al., 2021c). 

Both CAIs and magmatic iron meteorites attest to high-temperature 
conditions during the earliest stages of solar system evolution; albeit 

Table 6 
182Hf-182W chronology of winonaites and acapulcoite-lodranites.  

Primitive achondrite ε182W 2σ Model age 
(Ma) 

2σ (182Hf/180Hf)0 2σ Age 
(Ma) 

2σ Ref 

Winonaite 
External isochron from winonaites HaH 193, Mount Morris, Winona, NWA 

4024 & NWA 1457 
− 2.85 0.21 6.6 3.2 3.18E− 05 6.6E− 06  14.94  2.42 a  

Acapulcoite/lodranite 
External isochron from acapulcoites Dhofar 125 & Monument Draw     7.06E− 05 6.4E− 06  4.70  1.11 a 
External isochron from acapulcoites NWA 2775 & Dhofar 125     6.50E− 05 3.5E− 06  5.76  0.67 b 
Internal Isochron from Lodranite NWA 2627     6.24E− 05 4.2E− 06  6.28  0.84 b 

Ref: (a) Schulz et al. (2010) (b) Touboul et al. (2009). 
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with the heat originating from different sources. CAIs represent material 
processed possibly due to its close proximity to the newly formed Sun. In 
contrast, metallic cores of planetesimals, now represented by iron me-
teorites, formed due to early planetary accretion and heating by the 
abundant short-lived isotope 26Al. The age of both materials and their 
chemical compositions require an early phase of dust aggregation fol-
lowed by planetesimal accretion. Due to their early formation in a hot 
environment, these oldest materials did not preserve primary or primi-
tive chemical and mineralogical composition. They bear evidence of 
strong element fractionation in high energy environments that erased 
most information on the primary elemental composition of the solar 
nebula from which they originated. However, these old materials pre-
serve the isotopic compositions of their primary source in their bulk 
composition, which attest to strong isotope variability in the solar sys-
tem at an early stage (e.g., Warren, 2011). 

The early stages of the planetary system evolution are illustrated by 
direct observations of protoplanetary disks (e.g., Long et al., 2018) that 
show heterogeneous occurrence of matter in rings with different 
reflectivity. The accretion of the first planetesimals could have led to the 
formation of these gaps in the accretionary disks. The gaps between the 
dust rings are the feeding zones of the oldest planetesimals. Material 
cannot cross these gaps easily as they inhibit the radial transport of dust 
and gas (e.g., Alibert et al., 2018). This formation of early barriers to 
material transport prevented homogenization of the solar nebula and is 

preserved in the heterogeneous isotope compositions (i.e., nucleosyn-
thetic anomalies) observed in the different meteorite classes (e.g., 
Warren, 2011). Early formed bodies i.e., Jupiter and the parent bodies of 
the oldest iron meteorites could have formed by streaming instabilities 
within the evolving solar nebula (e.g., Dullemond and Dominik, 2005; 
Ormel et al., 2010; B. Liu et al., 2019) followed by planetesimal colli-
sions. Based on a comparison of the isotope composition of Earth and 
Mars with that of carbonaceous chondrites from the outer solar system, 
it has been suggested such an accretion model for the rocky planets of 
the inner solar system may represent the first mechanism of planetes-
imal accretion (e.g., Burkhardt et al., 2021). 

The chemically most primitive or undifferentiated meteorites are 
chondrites, and they postdate the formation of many iron meteorites and 
all CAIs. One of their key components is chondrules which originated as 
high-temperature melts that cooled rapidly. Almost all silicate- 
dominated chondrules formed ca 1.8–3 Ma after CAIs, i.e., after three 
half-lives of 26Al. Chondrules in ordinary chondrites may be slightly 
older than carbonaceous chondrites (Fig. 2). Ages determined on 
enstatite chondrites have generally higher uncertainties, thus their 
temporal relationship to chondrules from ordinary and carbonaceous 
chondrites are less clear. The metal-rich chondrules in CB meteorites 
formed later, ca. 4–5 Ma after CAIs. The subsequent accretion of silicate 
chondrules into different chondrite parent bodies was late enough (e.g., 
Anand et al., 2021a; Trieloff et al., 2003) to prevent planetesimal-wide 

Table 7 
26Al-26Mg, 53Mn-53Cr and 182Hf-182W chronological data for aubrites, angrites, ureilites and ungrouped achondrites.  

Primitive achondrite (53Mn/55Mn)0 2σ Age 
(Ma) 

2σ 26Al/26Mg 2σ Age 
(Ma) 

2σ (182Hf/180Hf)0 2σ Age 
(Ma) 

2σ Ref 

Aubrites 
External isochron from 

bulk aubrites 
2.00E− 06 5.0E− 07  6.51  1.19         a 

External isochron from 
bulk aubrites 

2.55E− 06 5.2E− 07  5.21  1.00         b  

Angrites 
D'Orbigny 3.24E-06 4E− 08  3.93  0.07 3.98E− 07 1.5E− 08  5.14  0.04 7.15E− 05 1.7E− 06  4.54  0.30 c, d, 

e 
Sahara 99555 2.82E-06 3.7E− 07  4.67  0.66 3.64E− 07 1.8E− 08  5.23  0.05 6.87E− 05 1.5E− 06  5.05  0.28 f, d, 

e 
NWA 1296         7.01E− 05 2.8E− 06  4.79  0.50 e 
NWA 4590         4.63E− 05 1.7E− 06  10.12  0.46 e 
NWA 4801         4.52E− 05 1.6E− 06  10.42  0.45 e 
LEW 86010 1.25E-06 7E− 08  9.01  0.29     4.80E− 05 4.2E− 06  9.65  1.08 g, e 
NWA 2999/4931         5.43E− 05 3.4E− 06  8.07  0.78 e 
Angra dos Reis         4.02E− 05 2.4E− 06  11.93  0.74 e 
NWA 1670 2.85E-06 9.2E− 07  4.61  1.49 5.92E− 07 5.9E− 08  4.72  0.10     f, d 
Asuka 881394 3.85E-06 2.3E− 07  3.01  0.31 1.28E− 06 7E− 08  3.91  0.06     h 
External isochron from 

bulk angrites 
3.16E-06 1.1E− 07  4.06  0.18         i  

Ureilites 
DaG 165 2.84E− 06 0.11E− 06  4.63  0.20         j 
ALM-A 3.10E− 06 1.10E− 06  4.17  1.62         k 
NWA 766 3.35E− 06 4.1E− 07  3.75  0.62         l 
External isochron from 

bulk ureilites 
6.02E− 06 1.59E− 06  0.62  1.25         m  

Ungrouped achondrites 
NWA 6704/6693 2.59E-06 3.4E− 07  5.13  0.66 3.15E− 07 3.8E− 08  5.38  0.12     n 
NWA 2976     3.94E− 07 1.6E− 08  5.15  0.04     o 
NWA 7325     3.03E− 07 1.4E− 08  5.42  0.05     p 
Asuka 881394     1.48E− 06 1.2E− 07  3.75  0.08     q 
Tafassasset 3.32E-06 1.6E− 07  3.80  0.25     7.40E− 05 7.0E− 06  4.10  1.2 r, s 
EC 002 4.76E-06 3.9E− 07  1.88  0.42 8.89E− 06 9E− 08  1.87  0.01     t, u 
NWA 11119     1.69E− 06 9E− 08  3.61  0.05     v 

Ref: (a) Shukolyukov and Lugmair (2004) (b) Zhu et al. (2021b) (c) Glavin et al. (2004) (d) Schiller et al. (2015) (e) Kleine et al. (2012) (f) Sugiura et al. (2005) (g) 
Lugmair and Shukolyukov (1998) (h) Wadhwa et al. (2009) (i) Zhu et al. (2019b) (j) Goodrich et al. (2010) (k) Qin et al. (2010b) (l) Yamakawa et al. (2010) (m) Zhu 
et al. (2020b) (n) Sanborn et al. (2019) (o) Bouvier et al. (2011) (p) Koefoed et al. (2016) (q) Wimpenny et al. (2019) (r) Göpel et al. (2015) (s) Breton et al. (2015) (t) 
Anand et al. (2022) (u) Fang et al. (2022) (v) Srinivasan et al. (2018). 
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Fig. 7. A timeline of the events and processes in the early solar system from the time of CAI formation (t0) to the accretion of the first large planetesimals.  
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melting and formation of metal cores, which allowed the preservation of 
the chondrule texture and the chemically primitive composition of 
chondrites. 

Different high-temperature processes have been suggested as the 
cause for chondrule formation, including, the collision of planetesimals 
(e.g., Lichtenberg et al., 2018), heating by nebular shocks (e.g., Desch 
and Connolly Jr, 2002), or lightning (Horanyi et al., 1995). The obser-
vation that the extant chondrules are younger than the oldest plane-
tesimals can be interpreted as evidence that early formed bodies were 
instrumental in chondrule formation. Early formed bodies that still 
needed to settle into stable orbits could have created bow shocks in the 
adjacent region still composed of dust and gas (e.g., Tsiganis et al., 2005; 
Morbidelli and Raymond, 2016; Bodénan et al., 2020b). It has been 
suggested that the giant planet Jupiter accreted prior to the chondrule 
forming interval (Kruijer et al., 2017). The shocks created by the 
migration of this large body and possibly the smaller planetesimals can 
have led to the melting of accreted dust agglomerations to form chon-
drules. This migration of Jupiter and the consequences for planet for-
mation has been discussed extensively in the “grand tack models” (e.g., 
Raymond and Morbidelli, 2014). Chondrule formation by the collision 
of early formed and differentiated bodies is an unlikely process for 
chemically primitive chondrites, as mixing highly differentiated mate-
rial (metal and silicates) to achieve again a chemically primitive, i.e., 
chondritic composition is difficult. However, the metal-rich chondrules 
found in CB meteorites could be the result of planetesimal collisions (e. 
g., Lichtenberg et al., 2018). 

The chondrule-forming process is still enigmatic. The observation 
that chondrules formed relatively late and after the first planetesimals 
had accreted and differentiated into metal core and silicate mantle 
supports models that include early planetesimal formation as the cause 
rather than the result of chondrule formation. Chondrule formation is 
thus not a necessary step in planetary accretion, but rather a conse-
quence of it. Chondrite parent bodies can be seen as a second generation 
of planetesimals, whereas the iron meteorites represent remnants of a 
first generation. 

The accretion time of the different planetesimals cannot be dated 
directly using radio-isotopes. However, ages for thermal metamorphism 
and hydrous alteration can provide minimum ages and youngest chon-
drule formation ages can constrain the maximum ages for the chondrite 
parent-body accretion. Using the age systematics of ordinary chondrites, 
it can be shown that they accreted at ca. 3 Ma (Anand et al., 2021a). 
Aqueous alteration on carbonaceous chondrite parent bodies implies 
accretion before ca. 4 Ma (Table 3, Fig. 7). 

The accretion ages estimated for chondrite parent bodies (e.g., 
Anand et al., 2021a; Trieloff et al., 2003, Fig. 7) are similar to the ages of 
their youngest chondrules, supporting a sudden accretion of chondrules 
and dust into a second generation of planetesimals. If there is a causal 
relationship between chondrule formation and planetesimals accretion, 
this close temporal relationship is consistent with the pebble accretion 
model proposed to explain the rapid accretion of planetary bodies (Cuzzi 
et al., 2008; Lambrechts and Johansen, 2012; Johansen and Lambrechts, 
2017). This second planetesimal growth mechanism via pebble accre-
tion may have been possible only after chondrule formation. 

The accretion of hydrous material to carbonaceous chondrites is 
recorded in secondary minerals (e.g., carbonates, magnetite, fayalite 
and kirschsteinite) that formed by the interaction of water/ice with 
chondritic material. At least the physio-chemical conditions (tempera-
ture, water/rock ratio, pH, fO2, and fluid compositions) in the outer 
regions of planetesimals must be suitable (e.g., Zolensky et al., 2008), for 
these reactions to take place at ~4 ± 2 Ma, which also marks the end of 
major planetesimal accretion in the solar system, the disappearance of 
the solar nebula and the completion of accretion of Mars at ca. 5 Ma 
(Dauphas and Pourmand, 2011). 

The accretion of the chondrite parent bodies after >4 half-lives of 
26Al and their relatively small size prevented planetesimal-wide melting 
and metal core formation thus preserving their chemically primitive 

composition. Members of the OCs show metamorphic grades from 3 to 7, 
whereas CCs are generally unmetamorphosed (except CKs that have 
petrologic types from 3 to 6). This difference in thermal evolution cor-
relates with the later accretion of the CC parent bodies compared to the 
OC parent bodies. These differences are also in agreement with 26Al 
being a major source for planetesimal heating, but only in the first few 
Ma of the solar system. 

Silicate-dominated achondrites yield ages that are almost exclusively 
younger than 4 Ma after CAI. A rare exception is EC 002, which is the 
oldest known felsic rock from the solar system and has a crystallization 
age of 1.87 ± 0.01 Ma (Barrat et al., 2021; Fang et al., 2022; Anand 
et al., 2022). The crystallization of this meteorite coincides with the 
beginning of the chondrule-forming episode. The younger ages obtained 
for achondrites constrain mineral growth due to high-grade meta-
morphism or melting in large bodies like Vesta or the angrite and ureilite 
parent bodies. These late high-temperature processes were caused by 
impact accretion and/or decay of remaining 26Al in bodies large enough 
that heat production was faster than heat loss by conduction. 

A key observation from the age compilation is that processes and 
events in the early solar system do not follow an identical timeline from 
dust to planetesimal formation and they do not correlate with the 
location in the disk. Similar processes occurred at different times in 
different locations. It is likely that a radial temperature gradient existed 
in the early solar system disk at the time of dust formation and plane-
tesimal accretion. However, this continuous gradient was not a domi-
nant factor controlling the accretion process. It did not have a strong 
effect on the chemical composition of the accreting material and the 
timing of accretion into planetesimals. There is an indication that pro-
cesses like first metal core formation, chondrule formation and accretion 
of chondrite parent bodies occurred slightly later (a few 105a) in the CC 
than in the NC reservoir. Thus, accretion from dust to planets was a 
sequence of spatially and temporally punctuated events rather than 
events and processes that swept over time from the inner to the outer 
region of the solar disk or vice versa following a unique timeline. The 
compilation of ages from primitive and differentiated meteorites shows 
that planetesimal formation was essentially completed in the first 4 Ma 
of the existence of the solar system, using the oldest CAIs as definition as 
the start, or t0. 
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chondrules be produced by the interaction of Jupiter with the protosolar disk? 
Astrophys. J. 901 (1), 60. 

Bollard, J., Connelly, J.N., Bizzarro, M., 2015. Pb-Pb dating of individual chondrules 
from the CB a chondrite Gujba: assessment of the impact plume formation model. 
Meteorit. Planet. Sci. 50 (7), 1197–1216. 

Bollard, J., Connelly, J.N., Whitehouse, M.J., Pringle, E.A., Bonal, L., Jørgensen, J.K., 
Nordlund, Å., Moynier, F., Bizzarro, M., 2017. Early formation of planetary building 
blocks inferred from Pb isotopic ages of chondrules. Sci. Adv. 3 (8), e1700407. 

Bollard, J., Kawasaki, N., Sakamoto, N., Olsen, M., Itoh, S., Larsen, K., Wielandt, D., 
Schiller, M., Connelly, J.N., Yurimoto, H., Bizzarro, M., 2019. Combined U-corrected 
Pb-Pb dating and 26Al-26Mg systematics of individual chondrules–evidence for a 
reduced initial abundance of 26Al amongst inner Solar System chondrules. Geochim. 
Cosmochim. Acta 260, 62–83. 

Bouvier, A., Spivak-Birndorf, L.J., Brennecka, G.A., Wadhwa, M., 2011. New constraints 
on early Solar System chronology from Al–Mg and U–Pb isotope systematics in the 
unique basaltic achondrite Northwest Africa 2976. Geochim. Cosmochim. Acta 75 
(18), 5310–5323. 

Brennecka, G.A., Kleine, T., 2017. A low abundance of 135Cs in the early Solar System 
from barium isotopic signatures of volatile-depleted meteorites. Astrophys. J. Lett. 
837 (1), L9. 

Brennecka, G.A., Wadhwa, M., 2012. Uranium isotope compositions of the basaltic 
angrite meteorites and the chronological implications for the early Solar System. 
Proc. Natl. Acad. Sci. 109 (24), 9299–9303. 

Brennecka, G.A., Borg, L.E., Romaniello, S.J., Souders, A.K., Shollenberger, Q.R., 
Marks, N.E., Wadhwa, M., 2017. A renewed search for short-lived 126Sn in the early 
Solar System: hydride generation MC-ICPMS for high sensitivity Te isotopic analysis. 
Geochim. Cosmochim. Acta 201, 331–344. 
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