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The base of the ICS (International Commission on Stra-

tigraphy) Geological Time Scale was ratified in 2022 by

defining a new Global Stratigraphic Standard Age (GSSA)

for the lower boundary of the Hadean Eon (formerly

4000–3600 Ma); the age of the Solar System based on the

oldest solids, calcium-aluminium inclusions (CAIs), gen-

erated in the protoplanetary disk. The formal GSSA for

the Hadean base is the oldest reliable, weighted mean U-

corrected Pb–Pb age of 4567.30 ± 0.16 Ma obtained for

CAIs in primitive meteorites Allende and Efremovka. This

age is supported by the 4568–4567 Ma U-corrected Pb–

Pb ages of chondrules in Northwest African meteorites.

The boundary sets an upper lifetime for the protoplanetary

disk and timing of planet formation. The Hadean Eon

encloses the accretion and differentiation of the Earth and

other planets, the Moon-forming Giant Impact, the begin-

ning of the suggested Late Heavy Bombardment, and the

formation of the Earth’s protocrust. Due to the Moon-

forming Giant Impact that occurred after the differentia-

tion of the proto-Earth and the fact that Earth’s first crust

has been destroyed, the age of the planet Earth itself remains

an open question. However, many pieces of astronomical,
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chemical, physical, and chronological evidence point to

the very fast formation of the Solar System and rapid

accretion and differentiation of the proto-Earth in only a

few million years. Compared to the half-billion-year dura-

tion of the Hadean, it is reasonable to set the age of the

Earth at the beginning of the formation of the Solar Sys-

tem. This communication explains and justifies the selec-

tion of the GSSA for the Hadean base.

Introduction 

The Hadean Eon spans from the formation of the Solar System to

the first reliable U–Pb chronological evidence for the crust on the

Earth. In the past, the ICS (International Commission on Stratigra-

phy) status of the Hadean has been an ‘informal’ undivided period

before the Archean, mainly because of the scarcity of physical evi-

dence. A step was taken forward in 2022, when the Executive Com-

mittee of the IUGS (International Union of Geological Sciences)

ratified the formal GSSA (Global Stratigraphic Standard Age)  for the

base of the Hadean. The SPS (Subcommission on Precryogenian Stra-

tigraphy) voting result was 93.75% in favor (15 votes), and 6.25%

against (1 vote) of the 16 votes received in total; 38.46% of the mem-

bers did not vote (10 non-votes). The ICS Voting Committee (consist-

ing of the Executive Committee Officers and all the Subcommission

Chairs), votes were 94.44% in favor (17 votes), and 5.56% against (1

vote), with 18 votes received in total (including 2 non-votes). 

According to the new definition by the ICS, the Hadean began with

the formation of the Solar System at 4,567 Ma and ended at 4,031 ± 3

Ma, when the first reliably dated rocks of the Acasta Complex, Slave

Craton, Canada, were formed (Bowring and Williams, 1999; Reimink

et al., 2016). The early Hadean was a time of planetary accretion, dif-

ferentiation, and the formation of the Moon when a giant impact of a

protoplanet into Earth occurred. The term ‘Hadean’ was coined after

Hades (the Greek word Aïdes means invisible), the Greek God of the

underworld (Cloud, 1972). 

The challenge in setting Hadean boundaries was that the ICS crite-

ria for stratigraphic boundaries are not easily applied to the formation

of the Earth itself. We do not know exactly how old the Earth is, because

the planet accretion in the early Solar System took some time. How-

ever, our understanding about the Hadean has greatly increased along

with methodological developments that allow us new and refined time

constraints based on primitive materials in meteorites, zircon grains

inherited from the Earth’s first crust, and geochemical studies of post-

Hadean, mantle-derived rocks utilizing short-lived radionuclides.

Astronomical observations on protoplanetary disks surrounding pro-

tostars and the structure of the Solar System, geochemical and isotopic

studies of meteorites, and physical models of planetary development

all provide clues to the early Earth evolution. The lower boundary of

the Hadean is based, above all, on chronological information on rec-

ognized events in the solar system, acquired by appropriate, high-pre-

cision geochronological methods. 

The age 4,567 Ma ratified as the base of the ICS Geological Time

Chart is obtained from the absolute dates of calcium-aluminium-rich

inclusions in chondritic meteorites (earlier adopted by Strachan et al.,

2020), which are the first solids known to have formed in the Solar

System. This definition follows the ICS procedures by setting the

Hadean lower boundary according to the absolute ages of actual plan-

etary materials (although likely recording events before Solar System

planets assembled) that can be tied to the currently accepted models

for the Solar System formation. In this communication, we provide

rationale for the selection of the Hadean lower boundary.

Formation of the Solar System 

The astronomical observations on protoplanetary discs around pro-

tostars (Figs. 1 and 2), such as HL Tauri (e.g., Yen et al., 2019), new

chronological data obtained for meteorites and advanced computa-

Figure 1. Artistic illustration showing a protostar surrounded by a protoplanetary disk. Material from the thick disk flows along magnetic

field lines and deposits onto the surface of the star. When material hits the star, it lights up brightly. CAIs and chondrules found in meteorites

fallen to Earth are the first condensates of the protoplanetary disk around the young Sun. Image credit: NASA/JPL-Caltech. 
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tional modeling have provided critical constraints on the formation of

the Solar System. The latter is thought to have formed about 4.6 billion

years ago from an interstellar cloud of gas and dust (protosolar molec-

ular cloud). The cloud collapsed, perhaps because of a shock wave from a

nearby supernova, and subsequently flattened into a swirling disk of

material (Kumssa and Tessema, 2023). Gravity pulled material into

the centre, and the sun was born when hydrogen atoms combined to

form helium under extreme pressure in the core (Fig. 1). 

Within the protoplanetary disk that surrounded the proto-Sun (Fig.

2), small calcium-aluminium particles condensed from high-tempera-

ture solar gas and clumped together with droplets of melted dust aggre-

gates. These particles, formed nearly at the same time as the Sun, are

the first physical evidence on the formation of the Solar System.

Today, they are found in primitive meteorites as calcium-aluminium-

rich inclusions (CAIs) and spherical grains known as chondrules.

The chondrules within the protoplanetary disk continued to clump

together forming larger and larger rocky bodies, which accreted into

planetesimals (<100 km in diameter), planetary embryos (>1,000

km in diameter) and protoplanets (Johansen et al., 2021). When the

size of the bodies grew large enough, they melted and differentiated

due to radioactive heat and impacts, and their gravity shaped them

into spheres (Fig. 3). The formation of the Earth was accompanied by

a giant collision that generated the Moon (Barboni et al., 2017). Not

all the material in the protoplanetary disk came together to form plan-

ets, the residual materials form asteroids, comets, and meteoroids,

many of which have hit the Earth since its formation. 

Relative and Absolute Dating of the Early Solar

System

The age of the Solar System is constrained by geochronological

analyses of CAIs and chondrules from primitive meteorites, which

represent the oldest solids originated within the protoplanetary disk

and have remained essentially unchanged since their accretion. Among

primitive meteorites, carbonaceous chondrites are the least evolved.

They did not remelt since their formation and may therefore contain

the oldest particles that first condensed from gas and dust within the

protoplanetary disk, and even particles generated in the presolar dust

of interstellar space. 

Short-lived 26Al-radionuclides: Timers of the early Solar

System 

26Al is a radionuclide that decays into its stable daughter isotope
26Mg, with a short half-life of 0.73 million years. The presence of now

Figure 2. The ALMA (Atacama Large Millimeter/submillimeter

Array) image (2014) of the protoplanetary disk around the young

star HL Tauri showing concentric bright rings separated by gaps in

the system. Planets are possibly forming in the dark patches. Image

credit: ALMA (ESO/NAOJ/NRAO). 

Figure 3. An artist’s rendition of protoplanets forming around a young star. Image credit: NRAO/AUI/NSF; S. DAGNELLO. 
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extinct 26Al at the beginning of the Solar System has been confirmed

by the discovery of 26Mg excess in primitive Solar System objects.

This 26Mg excess correlates with the Al/Mg ratio, which indicates that

it is the decay product of the now extinct radioactive isotope 26Al. The

present excess of 26Mg relative to the stable isotope 27Al yields the

original 26Al/27Al ratio. The first objects of the Solar System can be

dated relative to the formation of the Solar System by measuring the

Al and Mg isotopes, presuming that 26Al was distributed uniformly in

the solar system, although this view has been recently challenged by

several studies (Krestianinov, 2023 and references therein). Neverthe-

less, the Al–Mg method is widely used to constrain the early Solar

System evolution (e.g., Bollard et al., 2017; MacPherson et al., 2020).

U-corrected Pb ̶Pb ages: The clock of the Solar System 

The short-lived radionuclide systems provide only relative ages

with respect to when the Solar System was formed, therefore, a method

based on long-lived isotope systems yielding a high-precision abso-

lute age for the Solar System is essential. Of all the isotopic dating

methods in use today, the uranium-lead method is the most estab-

lished and the most reliable. This method is based on the long decay

chains of 238U and 235U to 206Pb and 207Pb, with the half-lives of 4.47 bil-

lion and 703.8 million years, respectively. The resulting 207Pb/206Pb ratio

depends on initial 238U/235U and Pb isotope ratios, and the time elapsed

since the closure of the system. The present-day 238U/235U ratio required

for the age calculations has earlier been assumed to be 137.88 in all solar

system materials. However, this ratio seems to vary significantly in

CAIs and chondrules compared to Earth’s materials (Brennecka et al.,

2010; Connelly et al., 2012). Therefore, the latest age calculations use

measured 238U/235U ratios. Extrapolation from an array of measured

present-day Pb isotope ratios, representing the combination of the initial

and radiogenic Pb, provides the age of the system. Therefore, high-

precision U-corrected Pb–Pb dating is a powerful tool for establish-

ing the age of the Solar System (Amelin et al., 2010; Connelly et al.,

2012). 

Plotting data for acid-leached Pb fractions of a CAI or chondrule

in a 207Pb/206Pb vs. 204Pb/206Pb space provides its y-intercept age. The

most primitive Pb isotope compositions measured, together with the

intersections of individual Pb–Pb isochrons (regression lines in the

Pb–Pb space), should provide the initial Pb isotope composition of

the Solar System. 

Meteorites: Witnesses of Early Events in the Solar

System

There are three main types of meteorites. Stony meteorites are

pieces of chondrule aggregates or outer layers of differentiated plane-

tary bodies, and they consist of silicate minerals and minor metal

flakes. Stony-iron meteorites have equal amounts of metals and sili-

cates, and they are thought to be derived from the domains at the

boundary between the metallic cores or pools and the silica layers of

their parent bodies. Iron meteorites, recently reviewed by Scott

(2020), are almost completely made of metal, and are considered to be

fragments of the metallic cores of the differentiated bodies. Absolute

and relative dating of different types of meteorites provides chrono-

logical information on the evolution of the Solar System. 

Stony meteorites fall into two major groups: chondrites and achon-

drites according to whether they contain chondrules or not. Chondrites

are the products of chondrule accretion within the protoplanetary

disk, and they have not melted since their formation. Therefore, they

represent the most primitive meteorites in the Solar System and are

the building blocks of larger planetary bodies known as planetesi-

mals. Achondrites, on the other hand, are the igneous pieces of large,

differentiated parent bodies. Both chondrites and achondrites have

many subgroups based on their compositions, structures, and miner-

als they contain. 

Chondrites (C), stony meteorites consisting mostly of silicate min-

erals, are divided into carbonaceous chondrites, enstatite chondrites,

and ordinary chondrites. The most chemically primitive group (with

their composition thus being closest to that of the Solar System) of the

carbonaceous chondrites is CI (named after the Ivuna meteorite).

Another group, CV3 (named after the Vigarano meteorite, petrologi-

cal type 3), that includes meteorites dated by the U-corrected Pb–Pb

method (e.g., Allende, Efremovka, and Gujba) is interpreted to be the

oldest material of the Solar System. The Murchison meteorite that

belongs to the CM2 group (named after Murchison, petrological type

2) may even contain some remnants of interstellar dust much older

than the Solar System. 

Achondrites are meteorites that do not contain chondrules; they

originated from planetesimals that melted due to energy released via

radioactive decay and collisions. Consequently, the metals sank into

the core and a silicate mantle and crust formed around the core. Stony

achondrites may represent the fragments of the outer layer of the dif-

ferentiated planetesimals/planets (silicate mantle or crust), whereas

iron meteorites represent the metallic core. 

Presolar Material

The oldest solids found on Earth are silicon carbide (SiC, mineral

name moissanite) grains found in some primitive meteorites. Natural

SiC is very rare on Earth, but common in space, where it occurs as dust

around carbon-rich stars. Hack et al. (2020) have defined cosmic ray

exposure ages for SiC grains of the Murchison carbonaceous CM2

chondrite by using cosmogenic 21Ne isotopes. Their ages range from

3.9 ± 1.6 Ma to c. 3 ± 2 Ga before the formation of the Solar System

(c. 4.6 Ga). Although the method provides ages relative to the forma-

tion of the Solar System and suffers from large uncertainties, it is still

a viable method for obtaining information about the interstellar dust

and star-forming events.

Oldest Materials in the Solar System

CAIs and Chondrules in Chondrites 

The oldest known objects of the Solar System are millimeter-sized

CAIs and chondrules found in primitive meteorites (Fig. 4). Based on

the 26Al–26Mg relative ages, the formation of chondrules continued for

c. 4 million years after the formation of the Solar System (Connelly et

al., 2012; Bollard et al., 2017). CAIs condensed from solar gas during
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the collapse of a presolar molecule cloud core at high temperatures (>

1,300 K) and pressures (≤ 10–4 bars), whereas chondrules formed by

the accretion of dust particles. Chondrules melted and developed

igneous texture before they accreted into chondritic bodies. They are

composed of ferromagnesian silicate minerals, feldspathic glass, Fe-

and Ni-metals, and Fe-rich sulfides. The chondrules likely formed within

the protoplanetary disk by the accretion of dust aggregates during

transient heating events and under lower temperature and higher water

pressure than CAIs (e.g., Connelly et al., 2012). 

CAIs and chondrules are found in carbonaceous chondrites, of

which the type CV3 is considered to be the most primitive. CAIs and

chondrules of the Allende and Efremovka CV3 chondrites (Fig. 4)

have been precisely dated using the U-corrected method based on the

U–Pb chronometer (e.g., Amelin et al., 2010; Connelly et al., 2012,

2017). Earlier age determinations have not considered the variation in

the 238U/235U ratios in CAIs observed by Brennecka et al. (2010). 

Connelly et al. (2017) combined the best-accepted ages of four

CAIs dated independently at different laboratories: SJ101/Allende

(Amelin et al., 2010), 22E, 31E, and 32E/Efremovka (Connelly et al.,

2012) as a weighted mean Pb–Pb age of 4567 ± 0.16 Ma for the Solar

System. This age reveals a short period of CAI formation and was

assumed as the age of the formation of the proto-Sun and the estab-

lishment of the protoplanetary disk (Connelly et al., 2017). A date of

4,567.32 ± 0.42 (Amelin et al., 2010) for the Allende chondrule C30

supports the contemporaneous formation of the CAIs and chondrules. 

While CAIs are used to constrain the formation of the Solar Sys-

tem, chondrules are thought to represent building blocks of planetesi-

mals (e.g., Krot et al., 2014; Amelin, 2019; Bollard et al., 2019).

Bollard et al. (2017) inferred, based on dating of a statistically signifi-

cant set of chondrules by Connelly et al. (2012), that the production of

chondrules in the early Solar System started contemporaneously with

CAIs. Further, the authors inferred that the primary phase of abun-

dant chondrule production lasted for up to a million years subsequent

to the short episode of CAI formation and was followed by up to c.

4.5 million years-long production period of chondrules, marked with

increasingly evolved Pb isotope compositions with time. 

An extraordinary metalliferous chondrite of CBa-type (see Table

1), called Gujba, contains large, completely spherical metal and sili-

cate chondrules with a variable amount of troilite and CAIs. These

impact-generated chondrules have been precisely dated at 4,562.49 ±

0.21 Ma (the weighted Pb–Pb mean age of four single chondrules) by

Bollard et al. (2015). 

Figure 4. Samples of carbonaceous chondrites Allende (left) and

Efremovka (right). Chondrites contain small, spherical to sub-

spherical chondrules and CAIs as light-colored, irregular patches

in a fine-grained carbon-rich matrix. Photo: Geological Collec-

tions of the Finnish Museum of Natural History/Jaana Halla. 

Table 1. List of the oldest material in meteorites found on Earth

Meteorite Age Ma Method Classification Fell/Find Status Reference

Differentiated meteorites

Gujba
impact-generated

chondrules

4562.49 ± 0.21
4562.64 ± 0.13

CBa, carbonaceous 
chondrite, Bencubbinite 
group, large chondrules

Yobe Nigeria 
11°29'3N, 11°39'3E

Fall 1984

Impact-generated
chondrules

Bollard et al. (2015), 
Connelly et al. (2017)

Erg Check
002 (EC002)

4565.0 
(Relative age)

The closure age of the 
26Al– 26Mg 

system (2.255 ± 0.013 
Myr after CAIs)

Achondrite, 
ungrouped

Adrar Algeria 
60°32'N, 16°11'W

Find 2020

‘The oldest magmatic 
rock in the Solar 

System’

Barrat et al.
(2021)

Steinbach 4565.47 ± 0.30 

U-corrected Pb–Pb 
age of late-phase, 
slowly cooled 
orthopyroxene

IVA, iron 
meteorite

Germany 
50°30'N, 12°30'E 

Find 1724

‘The oldest differenti-
ated achondrite 

meteorite’

Connelly et al.
(2019)

Protoplanetary disk (solar nebula)

Allende, 
Efremovka 
CAIs (Ca-Al 

rich inclusions in 
chondrites)

4567.30 ± 0.16 
U-corrected 

Pb–Pb 

Allende: CV3 chondrite 
CAI SJ101 

Efremovka: CV3 
chondrite CAI 22E, 

31E and 32E

Allende: Mexico 
Efremovk: 
Kazakhstan 
(See text)

‘The oldest solids of the
Solar System’, con-
densed from gas in a 
protoplanetary disk

Amelin et al. (2010), 
Connelly et al. 
(2012, 2017) 

Presolar dust (interstellar)

Murchison, 
Silicon carbide 
grains (SiC) 

3.9 ± 1.6 Ma to 
c. 3 Ga before 
the start of the 
Solar System

Interstellar cosmic ray 
exposure based on 
cosmogenic 21Ne 
isotope ages 

Carbonaceous chon-
drite, CM2, rich in 
organic compounds

Victoria Australia
36°37'S ,145°12'E

Fall 1969

‘Presolar dust, oldest 
material found on 

Earth’ 
Heck et al. (2020)
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Differentiated Meteorites

Connelly et al. (2019) reported a U-corrected Pb–Pb age of

4,565.47 ± 0.30 Ma based on multiple fractions of late-phase, slowly

cooled orthopyroxene from a Group IVA Steinbach iron meteorite.

This is the oldest absolute age for a differentiated meteorite. Together

with 26Al–26Mg relative ages of 1.83 ± 0.34 Ma with respect to the

CAI formation, this age indicates extremely rapid formation (accre-

tion and differentiation before impact-related breakup and re-accre-

tion) of the original IVA parent body; meaning that the planetary

embryos (>1,000 km in diameter) formed within the first million

years of the formation of the Solar System. 

Erg Chech 002 (EC 002) is a recently discovered meteorite that

originated from primitive igneous crust with andesitic bulk com-

position, derived from a partially melted, chondritic planetary

body. With a closure age of the 26Al–26Mg age system of 4,565

Myr, i.e., 2.255 ± 0.013 Ma after the CAI formation, (Barrat et al.,

2021), EC 002 is likely the oldest known magmatic rock in the

Solar System. 

The Age of the Solar System

Considering the available time constraints for the Solar System and

planetary formation (see Table 1), we are confident that Earth and

other planets accreted from planetesimals and differentiated after the

CAI and chondrule formation episode at 4,567 Ma. Four U-corrected

Pb–Pb age determinations for CAIs at two different laboratories

(Amelin et al., 2010; Connelly et al., 2012) have yielded a weighted

mean age of 4,567.30 ± 0.16 Ma (Connelly et al., 2017). This age is

currently is the best-constrained older limit for the age of the Solar

System.

The current research, although it debates about the mechanisms

involved, clearly indicates that the proto-Earth formed shortly after

the Solar System. Therefore, we suggest a lower boundary of 4,567

Ma for the Hadean, which corresponds to the beginning of the for-

mation of the Solar System and proto-Earth based on the age of the

CAIs in chondritic meteorites. The Hadean lower boundary is thus

based on the U-corrected absolute Pb–Pb ages of CAIs and it is sup-

ported by the oldest dates for chondrules. 

The Oldest Ages for the Calcium-Aluminium-Rich

Inclusions and Chondrules 

Allende 

Classification: carbonaceous chondrite, CV3 

Place of fall: The village of Pueblito de Allende, Chihuahua,

Mexico 

Coordinates: 26°58'N 105°19'W 

Fall: 1969 

CAI SJ101, coarse-grained type B1, melted 

U-corrected Pb–Pb age: 4,567.18 ± 0.50 Ma

See Fig. 3 in Amelin et al. (2010)

Chondrule C30 

U-corrected Pb–Pb age: 4,567.32 ± 0.42 Ma

See Fig. 2B in Connelly et al. (2012)

Efremovka 

Classification: carbonaceous chondrite, CV3 

Find: Efremovka State Farm, Pavlodar District, Pavlodar Region,

Kazakhstan, 1962 

Coordinates: 52°30’N 077°0’E 

U-corrected Pb–Pb ages of CAIs 

22E, unmelted nebular condensate: 4,567.35 ± 0.28 Ma 

31E, coarse-grained type B1, melted: 4,567.23 ± 0.29 Ma 

32E, coarse-grained type B1, melted: 4,567.38 ± 0.31 Ma

See Table 1 and Fig. 2 in Connelly et al. (2012)

Northwest Africa (NWA) 5697 

Classification: ordinary chondrite, L3 (low-iron group, petrologi-

cal type 3)

Find: Agadir, Morocco, 2008 

U-corrected Pb–Pb ages of the oldest chondrules: 

5-C1: 4,567.61 ± 0.54 Ma 

2-C1: 4,567.57 ± 0.56 Ma 

5-C2: 4,567.54 ± 0.52 Ma 

5-C10: 4,567.41 ± 0.57 Ma 

See Table 1 and Fig. 1A in Bollard et al. (2017)

Table 2. The oldest ages for Hadean events

Event The oldest age Ma Method Reference

Earth’s protocrust 4370 SIMS U–Pb zircon
E.g., Valley et al. (2014),
Whitehouse et al. (2017) 

The beginning of alleged LHB >4400 Ma Bottke et al. (2017)

Moon forming Giant Impact 4510 182Hf–182W 
Touboul et al. (2017), 
Barboni et al. (2017)

Differentiation of the Earth 4530–4510
182Hf–182W 

(Kleine et al., 2017)
Yin et al. (2002), 
Kleine et al. (2002)

Differentiation of the primitive 
planetary objects (iron meteorites)

4565 Pb–Pb ages Connelly et al. (2019)

Formation of the protoplanetary disk 4567 
Pb–Pb ages of CAIs and 

chondrules

Amelin et al. (2010), 
Connelly et al. (2012, 2017),

Bollard et al. (2017)
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Northwest Africa (NWA) 6043 

Classification: carbonaceous chondrite, CR3 (Renazzo group,

petrological type 3) 

Find: Agadir, Morocco, 2009 

U-corrected Pb–Pb ages of the oldest chondrules: 

1-C2: 4,567.26 ± 0.37 Ma

See Table 1 and Fig. 1A in Bollard et al. (2017)

The Base and Major Events of the Hadean Eon 

The new formal base of the Hadean Eon is the age of the Solar Sys-

tem based on the oldest CAIs formed in the protoplanetary disk. The

formal GSSA age for the Hadean base is a weighted mean U-cor-

rected Pb–Pb age of 4,567.30 ± 0.16 Ma for CAIs in primitive meteor-

ites (Amelin et al., 2010; Connelly et al., 2012). This age is supported by

the 4,568–4,567 Ma U-corrected Pb–Pb ages of chondrules found in

Northwest African meteorites (Bollard et al., 2017). These ages set a

maximum lifetime for the protoplanetary disk and timing for planet

formation. The boundary is based on a high-precision dating method

allowing the accuracy of 4 significant digits. This lower boundary

encloses the accretion and differentiation of the Earth and other plan-

ets, the Moon-forming Giant Impact (GI), the inferred Late Heavy

Bombardment (LHB), and the formation of the Earth’s protocrust

(Table 2). 

Discussion

Opinions and Counter-Opinions

In the SPS and the ICS Voting Commission, the proposal received

strong support among the voting members, and in both only one

member voted against. The opinions of those who did not vote on the

proposal (10 members of the SPS and 2 of the ICS Voting Commis-

sion) were not expressed and thus are not considered. 

Opposing views on the base of the Hadean have been presented.

Because of the Moon-forming Giant Impact that occurred after the

differentiation of the proto-Earth, and the fact that Earth’s first crust

has been destroyed, the age of planet Earth itself remains an open

question. It was pointed out that the Hadean is a term used only for

Earth’s history, and not as a reference to the age of materials (CAIs

and chondrules) in the Solar System that formed when Earth did not

yet accrete. Therefore, in this case, the age based on the time when the

Solar System formed would seem inappropriate for the base of the

Hadean that refers to the Earth’s history that does not extend so far

back. However, the age of Earth is a complicated subject, requiring in

part one to define what is meant by ‘the age of the Earth’. How much

mass does a planet need to be called ‘Earth’? There are several age

estimates for the Earth’s core segregation, all of them imply that Earth

existed, and its core segregated within 10 to 30 million years after

CIAs were formed (Kleine et al., 2002, 2017).

When these intriguing questions were discussed, SPS concluded

that it is also important to consider the following relevant points:

1. The aim of the SPS is to move away from previous, arbitrary-set

boundaries and anchor the boundaries to geological events that

can be reliably dated.

2. Setting the boundary at a certain, inferred stage in the growth of

Earth would be arbitrary because we lack both applicable abso-

lute dating methods to constrain this stage and a unanimous

agreement on when the Earth came into existence, which could

lead to endless discussions and arguments. 

3. The Earth itself consists of the materials of the Solar System. Its

accretion began from CAIs and chondrules, so they were also

constituents of Earth; therefore, it is natural to include Earth’s

formation in the realm of Earth’s history.

4. Multiple astronomical, chemical, physical, and chronological

evidence (e.g., Schiller et al., 2020) point to rapid evolution of the

early Solar System with accretion and differentiation of the

proto-Earth in only a few million years, which is a very short time

interval compared with the half a billion-year duration of the

Hadean.

5. It is natural to include the process of Earth's formation into the

realm of the Earth's history; the history and age of the universe

began with a hot dense point that was not yet a universe.

Based on these arguments, it was agreed to set the age of Earth at

the beginning of the formation of the Solar System. This revised the

concept of the Hadean Eon to include the Earth’s accretion and differ-

entiation, the Moon-forming Giant Impact, inferred Late Heavy Bom-

bardment, and the formation of the Earth’s protocrust. 

Future Prospects

Following recent and ongoing attempts to improve the methodol-

ogy to acquire more accurate U-corrected Pb–Pb ages for extraterres-

trial materials (Connelly et al., 2021), further analyses of CAIs and

chondrules are expected to refine the age of the Solar System. 

Higher precision for the age of the Solar System requires analysis

of multiple CAIs and chondrules from several chondrites with a com-

bination of U-corrected Pb–Pb and short-lived isotope geochronol-

ogy. An increasing number of new types of analyses is expected to

commence following recent advancement in absolute chronology of

CAIs and chondrules, including the development of methods for the

precise analysis of small amounts of Pb and U by TIMS (thermal-ion-

isation mass-spectrometry) and high-resolution ICP-MS (inductively-

coupled mass-spectrometry) as suggested by Connelly et al. (2021). 

Towards Hadean Subdivision

Future work will focus on the further division of the Hadean into

two eras: Paleohadean and Neohadean. The Paleohadean would be

the period of the Earth’s accretion, differentiation, and the Moon-

forming Giant Impact. The lower and upper boundaries of the Paleo-

hadean will be set based on the high-precision geochronology of

meteorites and oldest zircons found on Earth, respectively. The herein

suggested Hadean lower boundary would also define the base of the

Paleohadean, which would cover the time span for which no physical

evidence on Earth itself exists. The lower boundary of the Neohadean

could be placed at 4,370 Ma according to the oldest high-precision

U–Pb ages for detrital zircon from the Jacks Hills Quartzite of the

Narryer Terrane, western Australia (e.g., Valley et al., 2014; Whitehouse
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et al., 2017), which are, so far, the oldest Earth’s materials directly dated

by the U–Pb method. These ages prove the existence of the Earth’s

oldest protocrust, which has not survived up to the present day. 

Acknowledgements

PH and SJ publish with the permission of the Executive Director of

the Geological Survey of Western Australia.

References

Amelin, Y., Kaltenbach, A., Iizuka, T., Stirling, C. H., Ireland, T. R.,
Petaev, M., and Jacobsen, S. B., 2010, U–Pb chronology of the Solar
System’s oldest solids with variable 238U/235U. Earth and Planetary Sci-
ence Letters, v. 300, pp. 343–350. doi:10.1016/j.epsl.2010.10.015

Amelin, Y., Koefoed, P., Tsuyoshi, I., Fernandes, V. A., Huyskens, M.H.,
Yin, Q-Z, and Irving, A.J., 2019, U-Pb, Rb-Sr and Ar-Ar systematics of
the ungrouped achondrites Northwest Africa 6704 and Northwest
Africa 6693. Geochimica et Cosmochimica Acta, v. 245, pp. 628–642.
doi:10.1016/j.gca.2018.09.021

Barboni, M, Boehnke, B., Keller, B., Kohl, I.E., Schoene, B., Young, E.D.,
and McKeega, K.D., 2017, Early formation of the Moon 4.51 billion
years ago. Science Advances, v. 3, e1602365. doi:10.1126/sciadv.1602365 

Barrat, J.-A., Chaussidon, M., Yamaguchi, A., and Marty, B., 2021, A
4565-My-old andesite from an extinct chondritic protoplanet. Earth,
atmospheric, and planetary sciences, e2026129118. doi:10.1073/pnas.
2026129118 

Bollard, J., Connelly, J.N., and Bizzarro, M., 2015, Pb–Pb dating of indi-
vidual chondrules from the CBa chondrite Gujba: Assessment of the
impact plume formation model. Meteoritics and Planetary Science, v.
50, pp. 1197–1216. doi:10.1111/maps.12461 

Bollard, J., Connelly, J.N., Whitehouse, M.J., Pringle, E.A., Bonal, L., Jør-
gensen, J.K., Nordlund, Å., Moynier, F., and Bizzarro, M., 2017, Early
formation of planetary building blocks inferred from Pb isotopic ages
of chondrules. Science Advances, v. 3, e1700407. doi:10.1126/sciadv.
1700407

Bollard, J., Kawasaki, N., Sakamoto, N., Olsen, M., Itoh, S., Larsen, K.,
Wielandt, D., Schiller, M., Connelly, J.N., Yurimoto, H., and Bizzarro,
M., 2019, Combined U-corrected Pb–Pb dating and 26Al–26Mg sys-
tematics of individual chondrules – Evidence for a reduced initial abun-
dance of 26Al amongst inner Solar System chondrules. Geochimica et
Cosmochimica Acta, v. 260, pp. 62–83. doi:10.1016/j.gca.2019.06.025

Bottke, W.F., and Norman, M.D., 2017, The Late Heavy Bombardment.
Annual Review of Earth and Planetary Sciences, v. 45, pp. 619–647.
doi:10.1146/annurev-earth-063016-020131

Bowring, S., and Williams, I., 1999, Priscoan (4.00-4.03 Ga) orthogneisses
from northwestern Canada. Contributions to Mineralogy and Petrol-
ogy, v. 134, pp. 3–16. doi:10.1007/s004100050465

Brennecka, G.A., Weyer, S., Wadhva, M., Janney, P.E., Zipfel, J., and Anbar,
A.D., 2009, 238U/235U variations in meteorites: Extant 247Cm and
Implications for Pb–Pb dating. Science v. 327, pp. 449–541. doi:10.1126/
science.1180871 

Cloud, P., 1972, A working model of the primitive Earth. American Jour-
nal of Science, v. 272, pp. 537–548. 

Connelly, J.N., Bollard, J., Costa, M.M., Vermeesch, P., and Bizzarro, M.,
2021. Improved methods for high precision Pb–Pb dating of extrater-
restrial materials. Journal of Analytical Atomic Spectrometry, v. 36,
pp. 2563– 2764. doi:10.1039/D1JA00299F

Connelly, J.N., Schiller, M., and Bizzarro, M., 2019, Pb isotope evidence
for rapid accretion and differentiation of planetary embryos. Earth and
Planetary Science Letters, v. 525, pp. 1–8. doi:10.1016/j.epsl.2019.115722 

Connelly, J.N., Bollard, J., and Bizzarro, M., 2017, Pb–Pb chronometry

and the early Solar System. Geochimica et Cosmochimica Acta, v. 201,
pp. 345–363. doi:10.1016/j.gca.2016.10.044

Connelly, J.N., Bizzarro, M., Krot, A.N., Nordlund, Å., Wielandt, D., and
Ivanova, M.A., 2012, The Absolute Chronology and Thermal Process-
ing of Solids in the Solar Protoplanetary Disk. Science, v. 338, pp. 651–
655. doi:10.1126/science.1226919 

Heck, P.R., Greer, J., Kööp, L., and Wieler, R., 2020, Lifetimes of interstel-
lar dust from cosmic ray exposure ages of presolar silicon carbide.
Earth, Atmospheric, and planetary sciences, 1904573117. doi:10.1073/
pnas.1904573117 

Johansen, A., Ronnet, T., Bizzarro, M., Schiller, M., Lambrechts, M., Nor-
dlund, Å., and Lammer, H., 2021, A pebble accretion model for the for-
mation of the terrestrial planets in the Solar System. Science Advances,
v. 7, eabc0444. doi:10.1126/sciadv.abc0444

Kleine, T., Münker, C., Mezger, K., and Palme, H., 2002, Rapid accretion
and early core formation on asteroids and the terrestrial planets from
Hf–W chronometry. Nature, v. 418, pp. 952–955. doi:10.1038/nature00982

Kleine, T., and Walker, R.J., 2017, Tungsten isotopes in planets. Annual
Review of Earth and Planetary Science, v. 45, pp. 389–417. doi:10.1146/
annurev-earth-063016-020037

Krestianinov, E., Amelin, Y., Yin, Q.-Z., Paige, C., Huyskens, M.H., Miller,
A., Dey, S., Hibiya, Y., Tang, H., Young, E.D., Pack, A., and Di Rocco,
T., 2023, Igneous meteorites suggest Aluminium-26 heterogeneity in
the early Solar Nebula, Nature Communications, v. 14, pp. 4940.
doi:10.1038/s41467-023-40026-1

Krot, A.N., Nagashima, K., Wasserburg, G.J., Huss, G.R., Papanastassiou,
D., Davis, A.M., Hutcheon, I.D., and Bizzarro, M., 2014, Calcium-alu-
minium-rich inclusions with fractionation and unknown nuclear effects
(FUN CAIs): I. Mineralogy, petrology, and oxygen isotopic compositions.
Geochimica et Cosmochimica Acta, v. 145, pp. 206–247. doi:10.1016/
j.gca.2014.09.027 

Kumssa, G.M., and Tessema, S.B., 2023, Protoplanetary disk formation in
rotating, magnetized and turbulent molecular cloud. Journal of Astro-
physics and Astronomy, v. 44, pp. 70. doi:10.1007/s12036-023-09960-w

McPherson, G.J., Krot, A.N, and Kazuhide, N., 2020, Al-Mg isotopic
study of spinel-rich fine-grained CAIs. Meteoritics and Planetary Sci-
ence, v. 55, pp. 2519–2538. doi:10.1111/maps.13589 

Reimink, J.R., Chacko, T., Stern, R.A., and Heaman, L.M., 2016, The birth
of a cratonic nucleus: Lithochemical evolution of the 4.02–2.94 Ga
Acasta Gneiss Complex. Precambrian Research, v. 281, pp. 453–472.
doi:10.1016/j.precamres.2016.06.007 

Scott, E. R.D., 2020, Iron Meteorites: Composition, Age and Origin, Oxford
University Press. doi:10.1093/acrefore/9780190647926.013.206 

Strachan, R., Murphy, J.B., Darling, J., Storey, C., and Shields, G., 2020,
Precambrian (4.56-1 Ga). In: Gradstein, F.M., Ogg, J.G., Schmitz, M.D.,
Ogg, G.M., (eds) Geologic Time Scale 2020, v. 1, Elsevier, pp. 481–493.

Schiller, M., Bizzarro, M., and Siebert, J., 2020, Iron isotope evidence for
very rapid accretion and differentiation of the proto-Earth. Science
Advances, v. 6, eaay7604. doi:10.1126/sciadv.aay7604

Touboul, M., Kleine, T., Bourdon, B., Palme, H., and Wieler, R., 2007,
Late formation and prolonged differentiation of the Moon inferred from W
isotopes in lunar metals. Nature, v. 450, pp. 1206–1209. doi:10.1038/
nature06428

Valley, J., Cavosie, A., and Ushikubo, T., 2014, Hadean age for a post-
magma-ocean zircon confirmed by atom-probe tomography. Nature
Geoscience, v. 7, pp. 219–223. doi:10.1038/ngeo2075 

Whitehouse, M. J., Nemchin, A. A., and Pidgeon, R. T., 2017, What can
Hadean detrital zircon really tell us? A critical evaluation of their geo-
chronology with implications for the interpretation of oxygen and haf-
nium isotopes. Gondwana Research, v. 51, pp. 78–91. doi:10.1016/
j.gr.2017.07.007

Yen, H.-W., Takakuwa, S., Gu, P.G., Hirano, N., Lee, C.-F., Liu, H.B., Liu,
S.Y., and Wu, C.-J., 2019, Signs of outflow feedback from a nearby young
stellar object on the protostellar envelope around HL Tauri. Astronomy
and Astrophysics, v. 623, A96. doi:10.1051/0004-6361/201834209



9

Jaana Halla is an adjunct professor of bed-
rock geology affiliated at the Finnish Museum
of Natural History, University of Helsinki,
Finland. She is a specialist in the studies of
Archean crust formation by structural, geo-
chemical, and isotopic methods, especially
in the Fennoscandian and Indian shields.  She
is the Chair of the Working Group on the
Mesoarchean-Neoarchean Boundary of the
ICS Subcommission on Precryogenian Stra-
tigraphy and member of the editorial board
of the Elsevier journal Precambrian Research.
She has been the member of the IGCP Sci-
entific Board and the responsible leader of
the IGCP-SIDA 599 project ‘The Changing
Early Earth’.

Humberto Reis is a director/founder of HR
Consulting Energy and Geosciences Ltda.,
senior researcher at the Federal University
of Minais Gerais and professor at the Evolução
Crustal e Recursos Naturais Graduate Pro-
gram, Brazil. As a specialist in tectonics/
structural geology, he focuses on sedimentary
basin analysis and fold-thrust belts, and their
petroleum, native hydrogen and minerals,
applying artificial intelligence in hydrocar-
bon exploration/production. Reis has been a
consultant/collaborator for energy, mineral and
environmental companies and many institu-
tions. He is a member of the ICS Precryo-
genian and Brazilian Stratigraphy commissions
and associate editor of Brazilian Journal of
Geology. Professional musician/singer since
2022.

Nora Noffke is a professor for sedimentol-
ogy and paleontology at the Department of
Ocean and Earth Sciences, Old Dominion
University, USA. Her research focus is on
biofilms and microbial mats in clastic aquatic
environments, both modern and fossil. She
has conducted geological field work in many
Archean cratons, where sedimentary suc-
cessions and microbially induced structures
are well preserved. Noffke has been the edi-
tor of the volume ‘Prokaryota’ for the Treatise
of Invertebrate Paleontology. She is the Found-
ing Chair of the Gordon Research Conference
Geobiology and she is currently the Acting
Chair for the ICS Subcommission for Pre-
cryogenian Stratigraphy.

  

 


