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Abstract
Meteorites date the earth with a 4.55 ± 0.07 Ga Pb-Pb isochron called the geochron. They appear 

radioisotope dating methods. Achondrites, meteorites not containing chondrules, account for about 
8% of meteorites overall. About 3% of the witnessed falls of all meteorite types are the achondrites known 
as eucrites, which makes them the fourth most common meteorite to fall. Eucrites are similar to basalts 
and are believed to be space debris from the crust of main belt asteroid 4-Vesta. Many radioisotope 
dating studies in the last 45 years have used the K-Ar, Ar-Ar, Rb-Sr, Sm-Nd, U-Th-Pb, Lu-Hf, Mn-Cr, Hf-W, 
Al-Mg, I-Xe, and Pu-Xe methods to yield an abundance of isochron and model ages for these basaltic 
achondrites from whole-rock samples, and mineral and other fractions. Such age data for 12 eucrites 
were tabulated and plotted on frequency versus age histogram diagrams. They strongly cluster in many 
of these eucrites at 4.55–4.57 Ga, dominated by Pb-Pb and U-Pb isochron and model ages, testimony 
to that technique’s supremacy as the uniformitarians’ ultimate dating tool, which they consider very 

be due to calibration with the Pb-Pb system. There is also scatter of the U-Pb, Pb-Pb, Th-Pb, Rb-Sr, K-Ar, 
and Ar-Ar model ages, in most cases likely due to thermal disturbances resulting from metamorphism or 
impact cratering of the parent asteroid. No pattern was found in these meteorites’ isochron ages similar 
to the systematic patterns of isochron ages found in Precambrian rock units during the RATE project, 
so there is no evidence of past accelerated radioisotope decay having occurred in these eucrites, 
and therefore on their parent asteroid. This is not as expected, yet it is the same for all meteorites so far 
studied. Thus it is argued that accelerated radioisotope decay must have only occurred on the earth, 
and only the 500–600 million years’ worth we have physical evidence for during the Flood. Otherwise, 
due to their 4.55–4.57 Ga “ages” these eucrites and their parent asteroid are regarded as originally 
representing “primordial material” that God made on Day One of the Creation Week, from which He 
made the non-earth portion of the solar system on Day Four, which is compatible with the Hebrew 

geochemical signature of that “primordial material,” which included atoms of all elemental isotopes. So 
if most of the measured daughter isotopes were already in these basaltic achondrites when they were 
formed on their parent asteroid, then their 4.55–4.57 Ga “ages” obtained by Pb-Pb and U-Pb isochron 
and model age dating are likely not their true real-time ages, which according to the biblical paradigm 
is only about 6000 real-time years. Further investigation of radioisotope ages data for meteorites in 
remaining groups of achondrites, for lunar rocks, and for rocks from every level in the earth’s geologic 
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Introduction
In 1956 Claire Patterson at the California 

Institute of Technology in Pasadena reported a 
Pb-Pb isochron age of 4.55 ± 0.07 Ga for three stony 
and two iron meteorites, which since then has been 
declared the age of the earth (Patterson 1956). 
Adding weight to that claim is the fact that many 
meteorites appear to consistently date to around the 
same “age” (Dalrymple 1991, 2004), thus bolstering 

have successfully dated the age of the earth and 

the solar system at around 4.56 Ga. These apparent 
successes have also strengthened their case for the 
supposed reliability of the increasingly sophisticated 
radioisotope dating methods.

Creationists have commented little on the 
radioisotope dating of meteorites, apart from 

to establish the age of the earth, and that many 
meteorites give a similar old age. Morris (2007) did 
focus on the Allende carbonaceous chondrite as an 
example of a well-studied meteorite analyzed by many 
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radioisotope dating methods, but he only discussed 
the radioisotope dating results from one, older paper 
(Tatsumoto, Unruh, and Desborough 1976). 

the creationist community with the meteorite 
radioisotope dating data, Snelling (2014a) obtained 
as much radioisotope dating data as possible for the 
Allende CV3 carbonaceous chondrite meteorite (due 
to its claimed status as the most studied meteorite), 
displayed the data, and attempted to analyze them. 
He found that both isochron and model ages for the 

of these strongly clustered around a Pb-Pb age of 
4.56–4.57 Ga, the earliest (Tatsumoto, Unruh, and 
Desborough 1976)  and the latest (Amelin et al. 2010) 
determined Pb-Pb isochron ages at 4.553 ± 0.004 Ga 
and 4.56718 ± 0.0002 Ga respectively being essentially 
the same. Apart from scatter of the U-Pb, Th-Pb, 

found in the Allende isochron and model ages similar 
to the systematic pattern of isochron ages found in 

that was interpreted as produced by an episode of 

Snelling (2014b) subsequently gathered together 
all the radioisotope ages obtained for 10 ordinary 

similarly displayed the data. They generally clustered, 

ordinary chondrite meteorites, at 4.55–4.57 Ga, 
dominated by Pb-Pb and U-Pb isochron and model 

Sm-Nd isochron ages. There was also scatter of the 

cases possibly due to thermal disturbance. Again, no 
pattern was found in these meteorites’ isochron ages 
indicative of past accelerated radioisotope decay.

Snelling (2014a, b) then sought to discuss the 

various potential creationist models for the history 
of radioisotopes and their decay. He favored the idea 
that asteroids and the meteorites derived from them 

are “primordial material” left over from the formation 
of the solar system, which is compatible with the 
Hebrew text of Genesis that could suggest God made 
“primordial material” on Day One of the Creation 

the solar system on Day Four. Thus he argued that 
today’s measured radioisotope compositions of all 

of that “primordial material,” which included atoms 
of all elemental isotopes. So if some of the daughter 
isotopes were already in these chondrites when they 
were formed, then the 4.55–4.57 Ga “ages” for them 
obtained by Pb-Pb and U-Pb isochron and model age 

according to the biblical paradigm is only about 6000 
real-time years. 

However, Snelling (2014a, b) admitted that 

premature, and recommended further studies of more 
meteorites. This present contribution is therefore 
designed to further document the radioisotope dating 
data for more meteorites, the basaltic achondrites 
or eucrites, so as to continue the discussion of the 

meteorites is that of Weisberg, McCoy, and Krot 
(2006), which is reproduced in Fig. 1. Based on 

chondrites (meteorites containing chondrules) and 
achondrites (meteorites not containing chondrules or 
non-chondritic meteorites). They further subdivided 
the achondrites into primitive achondrites and 
igneously differentiated achondrites. However, 
Weisberg, McCoy and Krot (2006) simply subdivided 
all meteorites into three categories—chondrites, 

The non-chondritic meteorites contain virtually 
none of the components found in chondrites. It is 
conventionally claimed that they were derived from 
chondritic materials by planetary melting, and that 

Chondrites Stony Stony-Iron Iron Primitive Achondrites

Carbonaceous Ordinary Enstatite

EH-ELH-L-LLCR-ClanCV-CKCM-COCI-Clan

Class

Clan ACA-LOD WIN-IAB-IIICD

Group CI CM CO CV CK CR CH CB H L LL EH EL R K URE BRA ACA LOD WIN IAB IIICD

Achondrites

Clan Vesta? Moon Mars

Group ANG AUB EUC DIO HOW MES MG
PAL

ES
PAL

PP
PAL IC IIAB IIC IID IIE IIIAB IIIE IIIF IVA IVB SHE NAK CHA OPX

Fig. 1. 



535Radioisotope Dating of Meteorites: III. The Eucrites (Basaltic Achondrites)

deviate to various degrees from chondritic materials 
(Krot et al. 2005). The degrees of melting that these 

these meteorites have been divided into the two 

However, there is no clear cut boundary between 
these categories.

The differentiated non-chondritic meteorites, or 

as having been derived from parent bodies that 
experienced large-scale partial melting, isotopic 
homogenization (ureilites are the only exception), and 
subsequent differentiation. Based on abundance of 
FeNi-metal, these meteorites are commonly divided 
into three types—achondrites, stony-irons, and 
irons. Each of these types contains several meteorite 

to be genetically related and were possibly derived 
from single asteroids or planetary bodies.

The achondrites account for about 8% of meteorites 

are HED meteorites (howardites, eucrites, and 
diogenites), believed to have originated from the crust 

include martian, lunar, and several types thought to 

groups have been determined on the basis of, for 
17 18O ratios, which 

each parent body (Mittlefehldt et al. 1998).
The achondrites represent the products of classical 

igneous processes acting on the silicate-oxide system 
of asteroidal bodies—partial to complete melting, 
differentiation, and magmatic crystallization 
(Mittlefehldt 2005). Iron meteorites represent the 

process. Thus the achondrites consist of materials 

they exhibit igneous textures, or igneous textures 

and distinctive mineralogies indicative of igneous 
processes. 

The HED meteorites are sometimes grouped 

the asteroidal achondrites, because of all having 
been differentiated on parent asteroidal bodies. The 
howardite-eucrite-diogenite (HED) meteorites have 

there is strong evidence they originated on the same 
parent body, the asteroid 4-Vesta (Binzel and Xu 

spectroscopic similarity, which suggested the HED 

deemed dynamically dubious owing to the apparent 

The discovery of the Vesta family of asteroids or 
“Vestoids” (Binzel and Xu 1993) extending from 

Dawn mission to this asteroid (McSween et al. 2014). 

The HED clan is the most extensive suite of 

(Mittlefehldt 2005). Evidence that these achondrites 
belong in the same clan includes their identical 
oxygen isotopic compositions (Clayton and Mayeda 

occurrence of polymict breccias consisting of materials 
of eucritic and diogenitic parentage (for example, the 

between diogenites and cumulate eucrites (Krot 
et al. 2005). The suite of meteorites comprising 

lithologies were mostly metamorphosed, which 
has obscured original igneous zoning in most cases 
(Mittlefehldt 2005). The suite contains four main 
igneous lithologies—basalt and cumulate gabbro 
(eucrites), and orthopyroxenite and harzburgite 
(diogenites). When both eucrite and diogenite clasts 
are present in a meteorite that is a polymict breccia, 
then it is a howardite. These lithologies are consistent 
with a postulated layered crust model for the HED 
parent body, 4

The Eucrites
The eucrites are the most common of the 

achondrites. About 3% of the witnessed falls of all 

fourth most common meteorite to fall (Norton 2002). 
Of the HED meteorites, eucrites are by far the most 

Antarctica became available with their large cache of 

However, the large number of eucrites recovered 
that show a wide variation of lithic fragments, 

the acceptance of eucrites as either monomict or 
polymict.
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The most obvious external characteristic of a 

a chondrite, due to the intense heating of the 
outer surface during passage through the earth’s 
atmosphere (Norton 2002). Eucrites are Ca-rich 
and this combined with the usually present small 

ablation process as meteorites pass rapidly through 

The fusion crusts then rapidly cool, so contraction 

The similarities of eucrites chemically and 
petrographically to terrestrial basalts is frequently 

interiors of terrestrial basalts. Eucrite textures are 

to clumps of phenocrysts set in the groundmass. This 

plagioclase and pyroxene crystals. If basaltic lava 
contains dissolved gases when it suddenly erupts onto 
the earth’s surface, the sudden reduction in pressure 

Microscopically, the resemblance 
of most eucrites to terrestrial basalts is also most 

Mineralogically, the eucrites are quite simple. 
They consist almost entirely of plagioclase (30–50%) 
and clinopyroxene (40–60%), the clinopyroxene 
usually dominating by 10–20%. The plagioclase 
in eucrites is calcic, being primarily anorthite with 
some bytownite, that is, within the range An75-95, 
and igneous zoning is commonly preserved. The 
clinopyroxene is low-Ca pigeonite, with a composition 
that varies widely from specimen to specimen, and 
even within a given specimen. A typical pyroxene 
composition (wollastonite-enstatite-ferrosilite) in 
mole percent might be Wo1-25 En42-48 Fs43-52. Minor 
minerals include chromite (FeCr2O4), Fe-Ni metal, 
ilmenite (FeTiO3) and troilite (FeS) as opaque 
minerals, orthopyroxene, and polymorphs of silica—
quartz, tridymite, and cristobalite.

subclasses—the noncumulate eucrites (basaltic 
eucrites), the cumulate eucrites (cumulate gabbros), 

Fig. 2.
Donga, Western Australia, is typical of calcium-rich 

The specimen measures 5 cm (about 2 in) in its longest 
dimension (after Norton 2002).

Fig. 3.
eucrite. The specimen is about 6.2 cm (about 2.5 in) long 
(after Norton 2002).

Fig. 4. This unbrecciated eucrite called Ibitira fell in 
the village of that name near Martinho Campos, Minas 

have a vesicular texture. The millimeter-sized gas holes 

the specimen is about 10 cm (about 4 in) wide (after 
Norton 2002).
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and the polymict eucrites (polymict breccias of 

Mittlefehldt 2005). 
Noncumulate (basaltic) eucrites are mostly 

subophitic to ophitic basalts that are postulated to 

unmetamorphosed or least-metamorphosed, 

5a), and are composed of pigeonite and plagioclase, 
with minor silica, ilmenite, and chromite, and 
accessory phosphates, troilite, Fe-Ni metal, fayalitic 
olivine, zircon, and baddeleyite. As a result of their 
apparent fast cooling their pyroxenes (pigeonite of Mg# 
~70–20) are zoned, and exsolution lamellae are only 
visible by TEM. However, most noncumulate eucrites 
appear to have been subsequently metamorphosed, 

abundant and so are also collectively referred to 
as the ordinary eucrites. They are unbrecciated or 

monomict-brecciated, metamorphosed basalts and 
contain homogeneous low-Ca pigeonite (Mg# ~42–30) 

The pyroxenes were originally ferroan pigeonite 
(~Wo7-15 En29-43 Fs48-58) which exsolved augite during 

uniform as a result of metamorphism, but original 
igneous zoning is preserved in very few. Plagioclase 
is calcic, with most in the range An75-93, and igneous 
zoning is commonly preserved.

Cumulate eucrites are coarse-grained gabbros, 

pigeonite, plagioclase, and minor chromite with silica, 
ilmenite, Fe-Ni metal, troilite, and phosphate as trace 
accessory phases. The original igneous pyroxene 
was pigeonite (~Wo7-16 En38-61 Fs32-46) which exsolved 
augite and, in some, inverted to orthopyroxene. 
They contain orthopyroxene inverted from low-Ca 
clinopyroxene (Mg# ~67–58) and orthopyroxene 
inverted from pigeonite (Mg# ~57–45). Plagioclase 
is generally more calcic than that typical for basaltic 
eucrites, with most in the range An91-95.

a b

c d

Fig. 5. Thin section photomicrographs in transmitted light under crossed polars of four typical eucrites (basaltic 

showing the typical basaltic texture of plagioclase (light) and pyroxene (colored). (b) The metamorphosed (equilibrated) 
noncumulate eucrite Ibitira, showing a recrystallized texture with plagioclase (white) and pyroxene (colored), 

consisting of large crystals of plagioclase (lighter material with straight twin lamellae) and mostly orthopyroxene 

(d) The cumulate eucrite Moore County, consisting of large crystals of plagioclase (lighter material with straight twin 
lamellae) and colorful abundant orthopyroxene (with occasional exsolution lamellae) (scale bar is 2.5 mm [0.09 in]).
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Polymict eucrites are polymict breccias consisting 
of fragmental and melt-matrix breccias mostly of 
eucritic material, but they also contain <10 vol.% of 
diogenitic component in the form of orthopyroxenite.  

The Radioisotope Dating of the Eucrites
To thoroughly investigate the radioisotope dating 

of the eucrite achondrites all the relevant literature 

achondrites that have been dated by more than one 
radioisotope method, and a convenient place to start 
was Dalrymple (1991, 2004), who compiled lists of 
such data. The 12 eucrite achondrite meteorites that 
were found to have been dated multiple times by more 
than one radioisotope method—Bereba, Cachari, 

and Yamato 75011—thus became the focus of this 
study. When papers containing radioisotope dating 
results for these eucrites were found, the reference 

papers. In this way a comprehensive set of papers, 
articles and abstracts on radioisotope dating of these 
basaltic achondrite meteorites was collected. While 
it cannot be claimed that all the papers, articles and 
abstracts which have ever been published containing 
radioisotope dating results for these eucrites have 

between these publications does indicate the data set 
obtained is very comprehensive.

All the radioisotope dating results of these 12 
eucrites were then compiled and tabulated. For 
ease of viewing and comparing the radioisotope 
dating data, the isochron and model ages for some 
or all components of each of these 12 eucrites were 
tabulated separately—the isochron ages in Table 
1 and the model ages in Table 2. The data in these 
tables were then plotted on frequency versus age 
histogram diagrams, with the same color coding 
being used to show the ages obtained by the different 
radioisotope dating methods—the isochron ages for 

Discussion
In contrast to the Allende CV3 carbonaceous 

chondrite meteorite (Snelling 2014a), there have 
been fewer radioisotope ages obtained for these 
eucrites (basaltic achondrites), even though all the 
radioisotope dating methods have been used on some 
of them, and a few of the methods on others. Yet the 
outcome is similar to that found for the ordinary and 
enstatite chondrites (Snelling 2014b). 

Isochron ages
A 4.55–4.57 Ga isochron age for Bereba, Ibitira, 

isochron radioisotope data, via the Pb-Pb, U-Pb, Sm-Nd,  

expected, the Mn-Cr, Hf-W, Al-Mg, and I-Xe methods 
also yield isochron ages that coincide with the Pb-Pb 

method is calibrated against the Pb-Pb isochron age 
of the Lewis Cliff 86010 angrite achondrite (Lugmair 

the Hf-W method is calibrated against the Hf-W and  
Mn-Cr isochron ages of the St. Marguerite H4 
chondrite anchored to the weighted average of its 

Lugmair 2001), the Al-Mg method is calibrated 
against the Pb-Pb isochron age of the CAIs in the 

and the I-Xe method is calibrated against the I-Xe 
isochron age of the Shallowater aubrite achondrite 
(Claydon, Crowther, and Gilmour 2013), which is 
calibrated against the I-Xe isochron and Pb-Pb model 
ages of phosphate grains from the Acapulco primitive 

There is also considerable scattering of the isochron 
radioisotope age data for these and the other eucrites 

Moore County, Pasamonte, Stannern, and Yamato 

75011). Similarly many Sm-Nd isochron ages are 
younger than the 4.55–4.57 Ga clustering (for Bereba, 

(for Bereba, Ibitira, and Moore County). Somewhat 
surprisingly, all the Pb-Pb isochron ages for Bereba, 

4.55–4.57 Ga clustering, much younger in the case of 
Stannern. In contrast, the U-Pb isochron (concordia) 
ages are always in or close to that clustering.

 
Sm-Nd isochron ages always being younger than the 
Lu-Hf and U-Th-Pb isochron ages respectively in the 
order of the parents’ atomic weights or their decay 

mode respectively. Such a pattern would be potentially 
indicative of a past episode of accelerated radioisotope 
decay, as suggested by Snelling (2005c) and Vardiman, 
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Sample Method Date Error +/- Note Source Type
Bereba

eight fractions (whole rock 
Rb-Sr 4.17 0.26 Birck and Allègre 1978 isochron age

Rb-Sr 4.08 0.26 Study Project 1981 isochron age

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

Lu-Hf 4.604 0.039 Blichort-Toft et al. 2002 isochron age

Pb-Pb 4.522 0.004 Carlson, Tera, and 
Boctor 1988 isochron age

leachate Pb-Pb 4.52 Tera, Carlson, and 
Boctor 1997 isochron age

concordia U-Pb 4.538 0.026 Lee et al. 2009 isochron age

U-Pb 4.196 0.013 Zhou et al. 2011 isochron age

zircon grains U-Pb 4.552 0.021 Zhou et al. 2013 isochron age

4.79 Carlson, Tera, and 
Boctor 1988 isochron age

4.464 0.075 Blichort-Toft et al. 2002 isochron age

Hf-W 4.5632 0.0014 Kleine et al. 2004 isochron age
Hf-W 4.55 0.0041 Kleine et al. 2005 isochron age

Cacheri

Lu-Hf 4.604 0.039 Blichort-Toft et al. 2002 isochron age

Pb-Pb 4.453 0.015 Tera, Carlson, and 
Boctor 1997 isochron age

six fractions 206Pb-204Pb 4.453 0.015 Tera, Carlson, and 
Boctor 1997 isochron age

eight fractions 207Pb-206Pb 4.451 0.015 Tera, Carlson, and 
Boctor 1997 isochron age

eight fractions 207Pb-204Pb 4.455 0.016 Tera, Carlson, and 
Boctor 1997 isochron age

sixteen analyses of six zircon 
grains

207Pb-204Pb 4.558 0.025 Zhou et al. 2013 isochron age

three analyses of one zircon 
grain U-Pb 4.546 0.01 Zhou et al. 2011 isochron age

three analyses of one zircon 
grain U-Pb 4.548 0.024 Zhou et al. 2013 isochron age

six fractions 3.99 0.21 Tera, Carlson, and 
Boctor 1997 isochron age

4.464 0.075 Blichort-Toft et al. 2002 isochron age

Caldera

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

fractions Pb-Pb 4.5161 0.0028 isochron age

grain U-Pb 4.563 0.18 Zhou et al. 2013 isochron age

4.544 0.019 1996 isochron age

four fractions Mn-Cr 4.545 isochron age

Camel Donga 

Ar-Ar 3.706 0.097 Kennedy et al. 2013 isochron age

Table 1. 
and literature sources.
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Sample Method Date Error +/- Note Source Type

Ar-Ar 3.685 0.085 Kennedy et al. 2013 isochron age

Ar-Ar 3.703 0.059 Kennedy et al. 2013 isochron age

14 zircon grains

U-Pb 4.512 0.011 Zhou et al. 2013 isochron age
Hf-W 4.546 0.005 Kleine et al. 2005 isochron age
Hf-W 4.545 0.0035 Kleine et al. 2005 isochron age

Ibitira

Rb-Sr 4.52 0.25 Birck and Allègre 1978 isochron age

Rb-Sr 4.57 0.13 Birck and Allègre 1978 isochron age

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

207Pb-206Pb 4.556 Chen and Wasserburg 
1985 isochron age

207Pb-206Pb 4.55703 0.00082 isochron age

207Pb-206Pb 4.55744 0.00055 isochron age

residues Pb-Pb 4.5561 0.0023 Iizuka et al. 2013 isochron age

rich and two whole-rock 
fractions and washes of Pb-Pb 4.5565 0.0013 Iizuka et al. 2014 isochron age

residues of one whole-
Pb-Pb 4.55675 0.00057 Iizuka et al. 2014 isochron age

rich and two whole-rock 
fractions and washes of U-Pb 4.5569 0.0014 Iizuka et al. 2014 isochron age 

residues of one whole-
U-Pb 4.556 0.0052 Iizuka et al. 2014 isochron age 

4.46 0.02
Prinzhofer, 

Wasserburg 1992
isochron age

4.57 0.09 isochron age

4.6 0.05 isochron age

4.41 0.07 isochron age

4.464 0.075 Blichert-Toft et al. 2002 isochron age

three fractions Hf-W 4.549 0.012 Kleine et al. 2005 isochron age

three fractions Mn-Cr 4.557 0.003 isochron age

Mn-Cr 4.5574 0.0025 Iizuka et al. 2014 isochron age

Mn-Cr 4.5559 0.0032 Iizuka et al. 2014 isochron age
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Sample Method Date Error +/- Note Source Type

Al-Mg 4.5614 Wadhwa et al. 2004 isochron age

Al-Mg 4.5607 isochron age

I-Xe 4.555 0.001 Claydon, Crowther, and isochron age

Juvinas

Rb-Sr 4.39 0.26 Wasserburg 1969 isochron age

whole rock Rb-Sr 4.6 0.07 Allègre et al  1975 isochron age

Ibitira Rb-Sr 4.58 0.14 Birck and Allègre 1978 isochron age

age Rb-Sr 4.5 0.07 Quitte, Birck, and Allègre 
2000 isochron age

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

Lu-Hf 4.55 adjusted to agree with 
1980 isochron age

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

fractions

Pb-Pb 4.3209 0.017 isochron age

207Pb-206Pb 4.556 0.012 1975 isochron age

207Pb-206Pb 4.54 0.0007 Manhes, Allègre, and isochron age

206Pb-238U 4.531 0.003 Manhes, Allègre, and isochron age

206Pb-238U 4.539 0.004 Manhes, Allègre, and isochron age

206Pb-238U 4.545 0.0012 Manhes, Allègre, and isochron age

207Pb-235U 4.543 0.003 Manhes, Allègre, and isochron age

232Th-208Pb 4.47 0.03 Manhes, Allègre, and isochron age

zircon grains U-Pb 4.53 0.033 Zhou et al. 2013 isochron age

4.56 0.08 Scheinin, and Marti 1975 isochron age

4.464 0.075 Blichert-Toft et al. 2002 isochron age

Hf-W 4.5632 0.0014 Kleine et al. 2004 isochron age
Hf-W 4.5457 0.0036 Kleine et al. 2005 isochron age

Mn-Cr 4.5625 0.001 isochron age

Mn-Cr 4.5642 0.0012 Schiller, Baker, and 
Bizzarro 2010 isochron age

Al-Mg 4.561 Wadhwa et al. 2004 isochron age

Moama

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

Lu-Hf 4.55 1980 isochron age

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

whole rock, WR leachate, 
207Pb-206Pb 4.439 0.097 Tera, Carlson, and 

Boctor 1997 isochron age
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Sample Method Date Error +/- Note Source Type
whole rock, WR leachate, 

207Pb-204Pb 4.416 0.092 Tera, Carlson, and 
Boctor 1997 isochron age

whole rock, WR leachate, 
206Pb-204Pb 4.423 0.094 Tera, Carlson, and 

Boctor 1997 isochron age

ages
Pb-Pb 4.426 0.094 Tera, Carlson, and 

Boctor 1997 isochron age

4.52 0.05 isochron age

4.46 0.03 Jacobsen and 
Wasserburg 1984 isochron age

4.594 0.079 and Jacobsen and 
Wasserburg 1984 data

Boyet, Carlson, and 
Horan 2010 isochron age

Moore County

Rb-Sr 4.557 0.253 isochron age

Rb-Sr 4.39 0.26 Wasserburg 1969 isochron age

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

adjusted to agree with other Lu-Hf 4.55 1980 isochron age

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

and leachates

207Pb-204Pb 4.477 0.022

Tera, Carlson, and 
Boctor 1997

isochron age
207Pb-206Pb 4.494 0.017 isochron age
206Pb-204Pb 4.481 0.02 isochron age

Pb-Pb 4.484 0.019 isochron age

internal 4.6 0.04 isochron age

4.456 0.025 Tera, Carlson, and 
Boctor 1997 isochron age

4.457 0.025 Tera, Carlson, and 
Boctor 1997 isochron age

4.464 0.075 Blichert-Toft et al. 2002 isochron age

4.542 0.085 Boctor 1997 and Blichert-
Toft et al. 2002 data

Boyet, Carlson, and 
Horan 2010 isochron age

two fractions Mn-Cr 4.549 isochron age

Pasamonte

Rb-Sr 4.411 0.088 Shields, Pinson, and 
Hurley 1965 isochron age

Rb-Sr 4.557 0.253 isochron age

Rb-Sr 4.39 0.26 Wasserburg 1969 isochron age

Rb-Sr 4.33 0.49 Birck and Allègre 1978 isochron age

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

adjusted to agree with other Lu-Hf 4.55 1980 isochron age
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Sample Method Date Error +/- Note Source Type

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

Pb-Pb 4.573 0.011 Quitté, Birck, and Allègre 
2000 isochron age

207Pb-206Pb 4.53 0.03 isochron age

4.58 0.12 isochron age

Hf-W 4.5632 0.0014 Kleine et al. 2004 isochron age

Serra De Magé

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

adjusted to agree with other Lu-Hf 4.55 1980 isochron age

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

whole rock, two whole rock 

207Pb-204Pb 4.406 0.045 Tera, Carlson, and 
Boctor 1997 isochron age

207Pb-206Pb 4.39 0.016 Tera, Carlson, and 
Boctor 1997 isochron age

206Pb-204Pb 4.4 0.037 Tera, Carlson, and 
Boctor 1997 isochron age

Pb-Pb 4.399 0.035 Tera, Carlson, and 
Boctor 1997 isochron age

4.41 0.02 Carlson 1977 isochron age

4.464 0.075 Blichert-Toft et al. 2002 isochron age

Hf-W 4.5632 0.0014 Kleine et al. 2004 isochron age

three fractions Mn-Cr 4.553 0.003 isochron age

Stannern

Rb-Sr 4.39 0.26 Wasserburg 1969 isochron age

eight fractions (whole rock, 
Rb-Sr 3.3 0.5 Birck and Allègre 1978 isochron age

Rb-Sr 4.55 0.19 Hans, Kleine, and 
Bourdon 2013 isochron age

Lu-Hf 4.55 0.019 1980 isochron age

Lu-Hf 4.604 0.039 Blichert-Toft et al. 2002 isochron age

207Pb-204Pb 4.131 0.012

Tera, Carlson, and 
Boctor 1997

isochron age
207Pb-206Pb 4.124 0.023 isochron age
206Pb-204Pb 4.13 0.012 isochron age

Pb-Pb 4.128 0.016 isochron age

4.48 0.07 1975 isochron age

4.464 0.075 Blichert-Toft et al. 2002 isochron age

Hf-W 4.564 0.002 Kleine et al. 2005 isochron age

Yamato 75011
whole rock and density Rb-Sr 4.52 0.11 Bansal, Shih, and isochron age
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that there is still disagreement over the values of 
the decay constants and half-lives of, for example, 
87 176Lu (Snelling 2014c, d), because of there 
being discrepancies between determinations based 

 
Ar-Ar ages. Indeed, the comparisons of ages 
involving meteorites (primarily eucrites) and lunar 

slightly faster decay rate (half-life) for both 87

76

and minerals. 
Thus if the different decay constants are used in 

then the affect would be only small (0.6–4.0%) and 

too young and Lu-Hf ages that are apparently too old.  
This would not change the conclusion that there are 
no systematic isochron age differences based on the 
different atomic weights of the parent radioisotopes 
that would be due to a past accelerated decay event. 
Since in most instances the old decay constants have 

but the meteorite decay constant has been used for 
calculating the isochron Lu-Hf ages, recalculating 

constant would only bring them closer to agreement 
with the isochron Lu-Hf ages. This only serves to 

isochron ages obtained by the different radioisotope 
systems, and thus there is no evidence of a past 
accelerated decay event.

Model ages
In contrast to the isochron ages for these 

eucrites (basaltic achondrites), there are many 

Sample Method Date Error +/- Note Source Type
whole rock and density Rb-Sr 4.42 0.11 Bansal, Shih, and isochron age

whole rock and density 
fractions 84B clast Rb-Sr 4.56 0.11 Bansal, Shih, and isochron age

whole rock and density 
fractions 84B clast Rb-Sr 4.46 0.1 Bansal, Shih, and isochron age

old decay constant Rb-Sr 4.56 0.06 isochron age

new decay constant Rb-Sr 4.46 0.06 isochron age

old decay constant Rb-Sr 4.6 0.05 isochron age

new decay constant Rb-Sr 4.5 0.05 isochron age

U-Pb 4.552 0.017 Misawa et al  2005 isochron age

4.55 0.14 isochron age

4.54 0.21 isochron age

model age for Bereba, Cacheri, Camel Donga, 

a strong clustering of Pb-Pb and U-Pb model 
ages, and for Yamato 75011 supported by Sm-

 
Pu-Xe, Al-Mg, and Mn-Cr model ages always plot 

 
Pb-Pb and U-Pb model ages. This is because the 
Pu-Xe model ages are calibrated against the Pb-Pb 

Begemann 1996a, b), the Al-Mg model ages are 
calibrated against the Pb-Pb isochron age of the 

Mn-Cr model age for Caldera is calibrated against its  
Sm-Nd and Pb-Pb isochron ages (Galer and Lugmair 

and Ar-Ar model ages generally being younger than 
the 4.55–4.57 Ga clustering for all these eucrite 
meteorites, except for a few that are older for Ibitira, 

are either younger or older than the clustering, or 
in most instances both, whereas for Camel Donga 

Yamato 75011 they are invariably older. Some of the  
Pb-Pb model ages for Bereba, Cacheri, Camel Donga, 

 
4.55–4.57 Ga clustering, sometimes much younger, 

are scattered either side of the strong clustering.  
Where available for Ibitira and Pasamonte, the  
Th-Pb model ages are nearly all older.
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Sample Method Date Error 
+/- Note Source Type

Bereba
whole rock K-Ar 2.8

K-Ar 3
K-Ar 3.3
K-Ar 3.31

whole rock Pb-Pb 4.44 Manhès et al  1975
whole rock Pb-Pb 4.44 Manhès et al  1975

Pb-Pb 4.415 Manhès et al  1975
whole rock Pb-Pb 4.536 Carlson Tera, and Boctor 1988

whole rock, 
single stage Pb-Pb 4.536 Tera, Carlson, and Boctor 1997

Pb-Pb 4.521 0.0004 Tera, Carlson, and Boctor 1997

zircons 207Pb-206Pb 4.534 0.016
weighted 

of three zircon 
grains

207Pb-206Pb 4.552 0.02 Zhou et al. 2013

207Pb-206Pb 4.515 0.025 Zhou et al. 2013
207Pb-206Pb 4.569 0.02 Zhou et al. 2013
207Pb-206Pb 4.574 0.026 Zhou et al. 2013
207Pb-206Pb 4.549 0.019 Zhou et al. 2013
207Pb-206Pb 4.545 0.024 Zhou et al. 2013
207Pb-235U 4.425 0.034 Zhou et al. 2013
207Pb-235U 4.572 0.03 Zhou et al. 2013
207Pb-235U 4.563 0.032 Zhou et al. 2013
207Pb-235U 4.637 0.037 Zhou et al. 2013
207Pb-235U 4.49 0.031 Zhou et al. 2013
206Pb-238U 4.229 0.089 Zhou et al. 2013
206Pb-238U 4.579 0.085 Zhou et al. 2013
206Pb-238U 4.539 0.084 Zhou et al. 2013
206Pb-238U 4.841 0.114 Zhou et al. 2013
206Pb-238U 4.369 0.083 Zhou et al. 2013
Pu-Xe 4.498 0.016

whole rock 
Pu-Xe 4.512 0.018 Miura et al. 1998

Cachari
whole rock Ar-Ar 3.04 0.7 Bogard et al. 1985

whole rock Ar-Ar 3.47 0.4 Bogard et al. 1985

whole rock Pb-Pb 4.13 Tera, Carlson, and Boctor 1987

three analyses 
of one zircon 
grain

207Pb-206Pb 4.549 0.013 weighted average Zhou et al. 2011

sixteen analyses 
of six zircon 
grains

207Pb-206Pb 4.551 0.014 weighted mean Zhou et al. 2013

Grain 1-1 207Pb-206Pb 4.539 0.017
ages using 

troilite Pb
Zhou et al. 2013

Table 2.
and literature sources.
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Sample Method Date Error 
+/- Note Source Type

Grain 1-2 207Pb-206Pb 4.533 0.017
ages using 

troilite Pb
Zhou et al. 2013

Grain 1-3 207Pb-206Pb 4.556 0.017
ages using 

troilite Pb
Zhou et al. 2013

Grain 2-1 207Pb-206Pb 4.535 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 3-1 207Pb-206Pb 4.579 0.016
ages using 

troilite Pb
Zhou et al. 2013

Grain 3-2 207Pb-206Pb 4.587 0.016
ages using 

troilite Pb
Zhou et al. 2013

Grain 3-3 207Pb-206Pb 4.596 0.016
ages using 

troilite Pb
Zhou et al. 2013

Grain 4-1 207Pb-206Pb 4.565 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 4-2 207Pb-206Pb 4.546 0.021
ages using 

troilite Pb
Zhou et al 2013

Grain 5-1 207Pb-206Pb 4.51 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 5-2 207Pb-206Pb 4.516 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 5-3 207Pb-206Pb 4.524 0.018
ages using 

troilite Pb
Zhou et al. 2013

Grain 5-4 207Pb-206Pb 4.563 0.018
ages using 

troilite Pb
Zhou et al. 2013

Grain 5-5 207Pb-206Pb 4.54 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 6-1 207Pb-206Pb 4.558 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 6-2 207Pb-206Pb 4.515 0.019
ages using 

troilite Pb
Zhou et al. 2013

Grain 6-3 207Pb-206Pb 4.564 0.02
ages using 

troilite Pb
Zhou et al. 2013

Grain 1-1 207Pb-206Pb 4.539 0.018
ages using 
terrestrial Zhou et al. 2013

Grain 1-2 207Pb-206Pb 4.533 0.018
ages using 
terrestrial Zhou et al. 2013

Grain 1-3 207Pb-206Pb 4.557 0.016
ages using 
terrestrial Zhou et al. 2013

Grain 2-1 207Pb-206Pb 4.536 0.019
ages using 
terrestrial Zhou et al. 2013

Grain 3-1 207Pb-206Pb 4.58 0.016
ages using 
terrestrial Zhou et al. 2013
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Sample Method Date Error 
+/- Note Source Type

Grain 3-2 207Pb-206Pb 4.588 0.016
ages using 
terrestrial Zhou et al. 2013

Grain 3-3 207Pb-206Pb 4.596 0.016
ages using 
terrestrial Zhou et al. 2013

Grain 4-1 207Pb-206Pb 4.566 0.019
ages using 
terrestrial Zhou et al. 2013

Grain 4-2 207Pb-206Pb 4.547 0.021
ages using 
terrestrial Zhou et al. 2013

Grain 5-1 207Pb-206Pb 4.51 0.019
ages using 
terrestrial Zhou et al. 2013

Grain 5-2 207Pb-206Pb 4.516 0.019
ages using 
terrestrial Zhou et al. 2013

Grain 5-3 207Pb-206Pb 4.524 0.018
ages using 
terrestrial Zhou et al. 2013

Grain 5-4 207Pb-206Pb 4.563 0.018
ages using 
terrestrial Zhou et al. 2013

Grain 5-5 207Pb-206Pb 4.54 0.019
ages using 
terrestrial Zhou et al. 2013

Grain 6-1 207Pb-206Pb 4.559 0.019
ages using 
terrestrial Zhou et al. 2013

Grain 6-2 207Pb-206Pb 4.515 0.017
ages using 
terrestrial Zhou et al. 2013

Grain 6-3 207Pb-206Pb 4.565 0.02
ages using 
terrestrial Zhou et al. 2013

weighted 

three analyses 
of one zircon 
grain

207Pb-206Pb 4.55 0.039 Zhou et al. 2013

207Pb-206Pb 4.529 0.013 Zhou et al. 2013
207Pb-206Pb 4.549 0.032 Zhou et al. 2013
207Pb-206Pb 4.596 0.093 Zhou et al. 2013

weighted 

three analyses 
of one zircon 
grain

207Pb-235U 4.568 0.033 Zhou et al. 2013

207Pb-235U 4.561 0.013 Zhou et al. 2013
207Pb-235U 4.562 0.029 Zhou et al. 2013
207Pb-235U 4.565 0.081 Zhou et al. 2013

weighted 

three analyses 
of one zircon 
grain

206Pb-238U 4.608 0.096 Zhou et al. 2013

206Pb-238U 4.555 0.01 Zhou et al. 2013
206Pb-238U 4.586 0.027 Zhou et al. 2013
206Pb-238U 4.659 0.081 Zhou et al. 2013

whole rock 
Pu-Xe 4.498
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Sample Method Date Error 
+/- Note Source Type

Pu-Xe 4.517

Caldera
whole rock K-Ar 4.19

fraction Pb-Pb 4.525 0.0019

one zircon grain
Pb-Pb 4.542 0.08 Zhou et al. 2013

207Pb-206Pb 4.591 0.034 Zhou et al. 2013
207Pb-206Pb 4.502 0.045 Zhou et al. 2013
207Pb-206Pb 4.49 0.03 Zhou et al. 2013
207Pb-206Pb 4.573 0.029 Zhou et al. 2013
207Pb-235U 4.575 0.069 Zhou et al. 2013
207Pb-235U 4.491 0.074 Zhou et al. 2013
206Pb-238U 5.131 0.156 Zhou et al. 2013
206Pb-238U 5.048 0.133 Zhou et al. 2013
206Pb-238U 4.54 0.204 Zhou et al. 2013
206Pb-238U 4.467 0.207 Zhou et al. 2013
207Pb-235U 4.68 0.05 Zhou et al. 2013
207Pb-235U 4.714 0.044 Zhou et al. 2013

anchored to 

dates

Mn-Cr 4.537 0.012

Pu-Xe 4.513

Camel Donga

weighted
Ar-Ar 3.704 0.079 Kennedy et al. 2013

weighted
Ar-Ar 3.67 0.08 Kennedy et al. 2013

two Ar-Ar 3.693 0.051 Kennedy et al. 2013

fraction Pb-Pb 4.5109 0.001 Iizuka et al  2013

analyses of 14 
zircon grains

207Pb-206Pb 4.531 0.01 weighted Zhou et al. 2013

207Pb-206Pb 4.525 0.014 Zhou et al. 2013
207Pb-206Pb 4.579 0.012 Zhou et al. 2013
207Pb-206Pb 4.551 0.023 Zhou et al. 2013
207Pb-206Pb 4.547 0.017 Zhou et al. 2013
207Pb-206Pb 4.552 0.051 Zhou et al. 2013
207Pb-206Pb 4.512 0.02 Zhou et al. 2013
207Pb-206Pb 4.572 0.033 Zhou et al. 2013
207Pb-206Pb 4.516 0.032 Zhou et al. 2013
207Pb-206Pb 4.531 0.02 Zhou et al. 2013
207Pb-206Pb 4.479 0.034 Zhou et al. 2013
207Pb-206Pb 4.546 0.014 Zhou et al. 2013
207Pb-206Pb 4.517 0.02 Zhou et al.. 2013
207Pb-206Pb 4.557 0.013 Zhou et al. 2013
207Pb-206Pb 4.53 0.021 Zhou et al. 2013
207Pb-206Pb 4.484 0.022 Zhou et al. 2013
207Pb-206Pb 4.546 0.019 Zhou et al. 2013
207Pb-206Pb 4.542 0.023 Zhou et al. 2013
207Pb-206Pb 4.536 0.018 Zhou et al. 2013
207Pb-206Pb 4.471 0.03 Zhou et al. 2013
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Sample Method Date Error 
+/- Note Source Type

207Pb-206Pb 4.507 0.032 Zhou et al. 2013
207Pb-206Pb 4.514 0.025 Zhou et al. 2013
207Pb-206Pb 4.535 0.037 Zhou et al. 2013
207Pb-206Pb 4.519 0.022 Zhou et al. 2013
207Pb-206Pb 4.481 0.022 Zhou et al. 2013
207Pb-206Pb 4.525 0.019 Zhou et al. 2013
207Pb-206Pb 4.534 0.046 Zhou et al. 2013
207Pb-206Pb 4.566 0.019 Zhou et al. 2013
207Pb-206Pb 4.537 0.017 Zhou et al. 2013
207Pb-206Pb 4.536 0.018 Zhou et al. 2013
207Pb-206Pb 4.57 0.015 Zhou et al. 2013
207Pb-206Pb 4.551 0.026 Zhou et al. 2013
207Pb-206Pb 4.511 0.022 Zhou et al. 2013
207Pb-206Pb 4.478 0.013 Zhou et al. 2013
207Pb-206Pb 4.479 0.016 Zhou et al. 2013
207Pb-206Pb 4.52 0.014 Zhou et al. 2013

analyses of 14 
zircon grains

207Pb-235U 4.492 0.023 weighted Zhou et al. 2013

207Pb-235U 4.461 0.034 Zhou et al. 2013
207Pb-235U 4.419 0.033 Zhou et al. 2013
207Pb-235U 4.466 0.042 Zhou et al. 2013
207Pb-235U 4.513 0.035 Zhou et al. 2013
207Pb-235U 4.561 0.064 Zhou et al. 2013
207Pb-235U 4.405 0.036 Zhou et al. 2013
207Pb-235U 4.531 0.043 Zhou et al. 2013
207Pb-235U 4.48 0.042 Zhou et al. 2013
207Pb-235U 4.493 0.036 Zhou et al. 2013
207Pb-235U 4.691 0.042 Zhou et al. 2013
207Pb-235U 4.469 0.034 Zhou et al. 2013
207Pb-235U 4.486 0.035 Zhou et al. 2013
207Pb-235U 4.433 0.034 Zhou et al. 2013
207Pb-235U 4.513 0.035 Zhou et al. 2013
207Pb-235U 4.597 0.037 Zhou et al. 2013
207Pb-235U 4.53 0.035 Zhou et al. 2013
207Pb-235U 4.657 0.037 Zhou et al. 2013
207Pb-235U 4.451 0.035 Zhou et al. 2013
207Pb-235U 4.586 0.038 Zhou et al. 2013
207Pb-235U 4.374 0.041 Zhou et al. 2013
207Pb-235U 4.545 0.039 Zhou et al. 2013
207Pb-235U 4.498 0.045 Zhou et al. 2013
207Pb-235U 4.539 0.036 Zhou et al. 2013
207Pb-235U 4.451 0.035 Zhou et al. 2013
207Pb-235U 4.497 0.035 Zhou et al. 2013
207Pb-235U 4.52 0.05 Zhou et al. 2013
207Pb-235U 4.473 0.035 Zhou et al. 2013
207Pb-235U 4.476 0.035 Zhou et al. 2013
207Pb-235U 4.431 0.035 Zhou et al. 2013
207Pb-235U 4.496 0.035 Zhou et al. 2013
207Pb-235U 4.568 0.039 Zhou et al. 2013
207Pb-235U 4.523 0.036 Zhou et al. 2013
207Pb-235U 4.437 0.033 Zhou et al. 2013
207Pb-235U 4.405 0.034 Zhou et al. 2013
207Pb-235U 4.447 0.034 Zhou et al. 2013

analyses of 14 
zircon grains

206Pb-238U 4.417 0.079 weighted Zhou et al. 2013

206Pb-238U 4.32 0.101 Zhou et al. 2013
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Sample Method Date Error 
+/- Note Source Type

206Pb-238U 4.077 0.096 Zhou et al. 2013
206Pb-238U 4.279 0.12 Zhou et al. 2013
206Pb-238U 4.438 0.104 Zhou et al. 2013
206Pb-238U 4.582 0.167 Zhou et al. 2013
206Pb-238U 4.174 0.101 Zhou et al. 2013
206Pb-238U 4.439 0.112 Zhou et al. 2013
206Pb-238U 4.4 0.111 Zhou et al. 2013
206Pb-238U 4.41 0.104 Zhou et al. 2013
206Pb-238U 5.196 0.119 Zhou et al. 2013
206Pb-238U 4.301 0.101 Zhou et al. 2013
206Pb-238U 4.417 0.1 Zhou et al. 2013
206Pb-238U 4.165 0.1 Zhou et al. 2013
206Pb-238U 4.476 0.101 Zhou et al. 2013
206Pb-238U 4.857 0.112 Zhou et al. 2013
206Pb-238U 4.495 0.105 Zhou et al. 2013
206Pb-238U 4.923 0.114 Zhou et al. 2013
206Pb-238U 4.267 0.101 Zhou et al. 2013
206Pb-238U 4.852 0.108 Zhou et al. 2013
206Pb-238U 4.091 0.102 Zhou et al. 2013
206Pb-238U 4.616 0.112 Zhou et al. 2013
206Pb-238U 4.415 0.115 Zhou et al. 2013
206Pb-238U 4.584 0.105 Zhou et al. 2013
206Pb-238U 4.385 0.1 Zhou et al. 2013
206Pb-238U 4.435 0.103 Zhou et al. 2013
206Pb-238U 4.489 0.118 Zhou et al. 2013
206Pb-238U 4.271 0.099 Zhou et al. 2013
206Pb-238U 4.343 0.103 Zhou et al. 2013
206Pb-238U 4.206 0.101 Zhou et al. 2013
206Pb-238U 4.334 0.103 Zhou et al. 2013
206Pb-238U 4.607 0.11 Zhou et al. 2013
206Pb-238U 4.549 0.106 Zhou et al. 2013
206Pb-238U 4.346 0.1 Zhou et al. 2013
206Pb-238U 4.246 0.1 Zhou et al. 2013
206Pb-238U 4.288 0.1 Zhou et al. 2013
Al-Mg 4.5647 0.0004 Schiller, Baker, and Bizzarro 2010
Pu-Xe 4.521 0.02

Pu-Xe 4.507 0.016 Miura et al. 1998

Ibitira
whole-rock K-Ar 3.2

Ar-Ar 4.49 Garrison and Bogard 1995
using 15 

extractions

Ar-Ar 4.495 0.015 Bogard and Garrison 1995

°C Ar-Ar 3.354 0.048 Bogard and Garrison 1995 extraction age
°C Ar-Ar 3.205 0.051 Bogard and Garrison 1995 extraction age
°C Ar-Ar 3.525 0.023 Bogard and Garrison 1995 extraction age
°C Ar-Ar 3.874 0.008 Bogard and Garrison 1995 extraction age
°C Ar-Ar 4.361 0.009 Bogard and Garrison 1995 extraction age
°C Ar-Ar 4.469 0.01 Bogard and Garrison 1995 extraction age
°C Ar-Ar 4.502 0.009 Bogard and Garrison 1995 extraction age
°C Ar-Ar 4.493 0.009 Bogard and Garrison 1995 extraction age
°C Ar-Ar 4.491 0.009 Bogard and Garrison 1995 extraction age

1025°C Ar-Ar 4.509 0.008 Bogard and Garrison 1995 extraction age
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Sample Method Date Error 
+/- Note Source Type

1100°C Ar-Ar 4.452 0.029 Bogard and Garrison 1995 extraction age

1200°C Ar-Ar 4.491 0.098 Bogard and Garrison 1995 extraction age

1300°C Ar-Ar 4.588 0.036 Bogard and Garrison 1995 extraction age

1400°C Ar-Ar 4.48 0.103 Bogard and Garrison 1995 extraction age

1550°C Ar-Ar 7.998 0.425 Bogard and Garrison 1995 extraction age

after Bogard and Ar-Ar 4.487 0.015

releasing 89% 
of Ar

Ar-Ar 4.487 0.016 Bogard and Garrison 2003

after Bogard and Ar-Ar 4.4858 0.015 2012
207Pb-206Pb 4.55 0.01 Wasserburg et al. 1977

Ibitira WR-1 207Pb-206Pb 4.554 0.008 Chen and Wasserburg 1985

Ibitira WR-2
207Pb-206Pb 4.556 0.006 Chen and Wasserburg 1985
207Pb-206Pb 4.56 0.003

fraction Pb-Pb 4.5558 0.0005 Iizuka et al. 2013

whole rock 
fraction A017_7 
residue

Pb-Pb 4.5564 0.0011 Iizuka et al. 2014

whole rock 
fraction A017_7 
wash-1

Pb-Pb 4.5543 0.0022 Iizuka et al. 2014

whole rock 
fraction A017_7 
wash-2

Pb-Pb 4.584 0.0022 Iizuka et al. 2014

whole rock 
fraction A039_5 
residue

Pb-Pb 4.556 0.0008 Iizuka et al. 2014

whole rock 
fraction A039_5 
wash-1

Pb-Pb 4.5894 0.0022 Iizuka et al. 2014

whole rock 
fraction A039_5 
wash-2

Pb-Pb 4.5881 0.0036 Iizuka et al. 2014

whole rock 
fraction A047_3 
residue

Pb-Pb 4.5572 0.0013 Iizuka et al. 2014

whole rock 
fraction A047_3 
wash-1

Pb-Pb 4.608 0.0024 Iizuka et al. 2014

whole rock 
fraction A047_3 
wash-2

Pb-Pb 4.6043 0.0054 Iizuka et al. 2014

rich fraction 
GSC030_HF1 
residue

Pb-Pb 4.5558 0.0007 Iizuka et al. 2014

rich fraction 
GSC030_HF1 
wash-1

Pb-Pb 4.5533 0.0002 Iizuka et al. 2014
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Sample Method Date Error 
+/- Note Source Type

rich fraction 
GSC030_HF1 
wash-2

Pb-Pb 4.556 0.0021 Iizuka et al. 2014

rich fraction 
GSC030_HF2 
residue

Pb-Pb 4.5559 0.0007 Iizuka et al. 2014

rich fraction 
GSC030_HF2 
wash-1

Pb-Pb 4.553 0.0002 Iizuka et al. 2014

rich fraction 
GSC030_HF2 
wash-2

Pb-Pb 4.558 0.0024 Iizuka et al. 2014

fraction A015_4 
residue

Pb-Pb 4.5558 0.0009 Iizuka et al. 2014

fraction A015_4 
wash-1

Pb-Pb 4.5361 0.002 Iizuka et al. 2014

fraction A015_4 
wash-2

Pb-Pb 4.6139 0.0549 Iizuka et al. 2014

fraction A015_5 
residue

Pb-Pb 4.5506 0.0075 Iizuka et al. 2014

fraction A015_5 
wash-1

Pb-Pb 4.5141 0.0021 Iizuka et al. 2014

fraction A015_5 
wash-2

Pb-Pb 4.5709 0.0201 Iizuka et al. 2014

fraction A015_6 
residue

Pb-Pb 4.552 0.001 Iizuka et al. 2014

fraction A015_6 
wash-1

Pb-Pb 4.5211 0.001 Iizuka et al. 2014

fraction A015_6 
wash-2

Pb-Pb 4.5329 0.0242 Iizuka et al. 2014

fraction A017_5 
residue

Pb-Pb 4.5581 0.0013 Iizuka et al. 2014

fraction A017_5 
wash-2

Pb-Pb 4.5727 0.0025 Iizuka et al. 2014

fraction A017_6 
residue

Pb-Pb 4.5546 0.0009 Iizuka et al. 2014

fraction A017_6 
wash-1

Pb-Pb 4.552 0.001 Iizuka et al. 2014

fraction A017_6 
wash-2

Pb-Pb 4.5265 0.0065 Iizuka et al. 2014

fraction A039_2 
residue

Pb-Pb 4.5563 0.0007 Iizuka et al. 2014

fraction A039_2 
wash-1

Pb-Pb 4.5634 0.0016 Iizuka et al. 2014
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Sample Method Date Error 
+/- Note Source Type

fraction A039_2 
wash-2

Pb-Pb 4.539 0.0038 Iizuka et al. 2014

fraction A039_3 
residue

Pb-Pb 4.5562 0.0008 Iizuka et al. 2014

fraction A039_3 
wash-1

Pb-Pb 4.5822 0.0024 Iizuka et al. 2014

fraction A039_3 
wash-2

Pb-Pb 4.5594 0.0045 Iizuka et al. 2014

fraction A047_1 
residue

Pb-Pb 4.5565 0.0006 Iizuka et al. 2014

fraction A047_1 
wash-1

Pb-Pb 4.5583 0.0014 Iizuka et al. 2014

fraction A047_1 
wash-2

Pb-Pb 4.5815 0.0125 Iizuka et al. 2014

fraction A047_2 
residue

Pb-Pb 4.5567 0.0007 Iizuka et al. 2014

fraction A047_2 
wash-1

Pb-Pb 4.5632 0.002 Iizuka et al. 2014

fraction A047_2 
wash-2

Pb-Pb 4.5843 0.0159 Iizuka et al. 2014

fraction A015_7 
residue

Pb-Pb 4.5381 0.0052 Iizuka et al. 2014

fraction A015_7 
wash-1

Pb-Pb 4.5232 0.001 Iizuka et al. 2014

fraction A015_7 
wash-2

Pb-Pb 4.6072 0.0072 Iizuka et al. 2014

fraction A015_8 
residue

Pb-Pb 4.5139 0.0038 Iizuka et al. 2014

fraction A015_8 
wash-1

Pb-Pb 4.5456 0.0008 Iizuka et al. 2014

fraction A015_8 
wash-2

Pb-Pb 4.6352 0.0032 Iizuka et al. 2014

fraction A039_4 
residue

Pb-Pb 4.5636 0.0135 Iizuka et al. 2014

fraction A039_4 
wash-1

Pb-Pb 4.5515 0.0007 Iizuka et al. 2014

fraction A039_4 
wash-2

Pb-Pb 4.6311 0.0058 Iizuka et al. 2014

fraction A047_4 
residue

Pb-Pb 4.5595 0.0108 Iizuka et al. 2014

fraction A047_4 
wash-1

Pb-Pb 4.5606 0.0006 Iizuka et al. 2014

fraction A047_4 
wash-2

Pb-Pb 4.6722 0.0123 Iizuka et al. 2014
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Sample Method Date Error 
+/- Note Source Type

fraction A047_5 
residue

Pb-Pb 4.5528 0.0019 Iizuka et al. 2014

fraction A047_5 
wash-1

Pb-Pb 4.5572 0.0005 Iizuka et al. 2014

fraction A047_5 
wash-2

Pb-Pb 4.387 0.0275 Iizuka et al. 2014

weighted 

residues of 8 

fractions and 
two whole-
rock fractions 
and washes of 

rich and one 

fractions (13 

Pb-Pb 4.55635 0.00042 Iizuka et al. 2014

weighted 

residues of one 
whole-rock and 

rich fractions 

Pb-Pb 4.55631 0.00028 Iizuka et al. 2014

Ibitira WR-1 206Pb-238U 4.629 0.03 Chen and Wasserburg 1985
Ibitira WR-2 206Pb-238U 4.567 0.013 Chen and Wasserburg 1985
Ibitira WR-1 207Pb-235U 4.577 0.007 Chen and Wasserburg 1985
Ibitira WR-2 207Pb-235U 4.559 0.005 Chen and Wasserburg 1985
Ibitira WR-1 208Pb-232Th 4.972 0.036 Chen and Wasserburg 1985
Ibitira WR-2 208Pb-232Th 4.658 0.022 Chen and Wasserburg 1985

Pu-Xe 4.581 0.025
Juvinas
whole rock K-Ar 3.98

K-Ar 4.6

frB58 Pb-Pb 4.5676 0.0011
frB60 Pb-Pb 4.5676 0.0034
frB63 Pb-Pb 4.5648 0.001
frC64 Pb-Pb 4.5646 0.0011
frC65 Pb-Pb 4.5656 0.0008
frC66 Pb-Pb 4.5658 0.0007
frC67 Pb-Pb 4.5649 0.001

Pb-Pb 4.5534 0.0006
Pb-Pb 4.796 0.0075
Pb-Pb 4.7278 0.0049
Pb-Pb 4.821 0.0011
Pb-Pb 4.7979 0.0044
Pb-Pb 4.5726 0.0038
Pb-Pb 4.5768 0.0017

L1 Pb-Pb 4.634 0.003
L2 Pb-Pb 4.8131 0.0097
L3 Pb-Pb 4.8 0.0011
Res Pb-Pb 4.953 0.0015

Pb-Pb 4.735
Pb-Pb 4.527 0.024 two zircons Lee et al. 2009
207Pb-206Pb 4.549 0.006 Manhès and Allègre 1980
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Sample Method Date Error 
+/- Note Source Type

weighted 

grains

207Pb-206Pb 4.545 0.015 Zhou et al. 2013

207Pb-206Pb 4.54 0.024 Zhou et al. 2013
207Pb-206Pb 4.493 0.022 Zhou et al. 2013
207Pb-206Pb 4.502 0.024 Zhou et al. 2013
207Pb-206Pb 4.54 0.024 Zhou et al. 2013
207Pb-206Pb 4.568 0.025 Zhou et al. 2013
207Pb-206Pb 4.52 0.024 Zhou et al. 2013
207Pb-206Pb 4.545 0.024 Zhou et al. 2013
207Pb-206Pb 4.557 0.025 Zhou et al. 2013
207Pb-206Pb 4.497 0.024 Zhou et al. 2013
207Pb-206Pb 4.563 0.016 Zhou et al. 2013
207Pb-206Pb 4.571 0.01 Zhou et al. 2013
207Pb-206Pb 4.559 0.011 Zhou et al. 2013
207Pb-206Pb 4.525 0.027 Zhou et al. 2013
207Pb-206Pb 4.576 0.015 Zhou et al. 2013
207Pb-206Pb 4.584 0.02 Zhou et al. 2013
207Pb-206Pb 4.523 0.021 Zhou et al. 2013
207Pb-206Pb 4.486 0.022 Zhou et al. 2013
207Pb-206Pb 4.511 0.019 Zhou et al. 2013
207Pb-206Pb 4.472 0.026 Zhou et al. 2013
207Pb-206Pb 4.516 0.041 Zhou et al. 2013

weighted 

grains

207Pb-235U 4.679 0.048 Zhou et al. 2013

207Pb-235U 4.581 0.036 Zhou et al. 2013
207Pb-235U 4.508 0.043 Zhou et al. 2013
207Pb-235U 4.546 0.038 Zhou et al. 2013
207Pb-235U 4.654 0.043 Zhou et al. 2013
207Pb-235U 4.613 0.052 Zhou et al. 2013
207Pb-235U 4.683 0.04 Zhou et al. 2013
207Pb-235U 4.703 0.048 Zhou et al. 2013
207Pb-235U 4.585 0.05 Zhou et al. 2013
207Pb-235U 4.657 0.041 Zhou et al. 2013
207Pb-235U 4.751 0.041 Zhou et al. 2013
207Pb-235U 4.716 0.03 Zhou et al. 2013
207Pb-235U 4.711 0.028 Zhou et al. 2013
207Pb-235U 4.561 0.046 Zhou et al. 2013
207Pb-235U 4.674 0.03 Zhou et al. 2013
207Pb-235U 4.837 0.032 Zhou et al. 2013
207Pb-235U 4.601 0.036 Zhou et al. 2013
207Pb-235U 4.552 0.037 Zhou et al. 2013
207Pb-235U 4.625 0.039 Zhou et al. 2013
207Pb-235U 4.851 0.024 Zhou et al. 2013
207Pb-235U 4.697 0.074 Zhou et al. 2013

zircons U-Pb 4.56
weighted 

grains

206Pb-238U 4.915 0.1 Zhou et al. 2013

206Pb-238U 4.674 0.105 Zhou et al. 2013



556 A. A.  Snelling

Sample Method Date Error 
+/- Note Source Type

206Pb-238U 4.541 0.13 Zhou et al. 2013
206Pb-238U 4.645 0.113 Zhou et al. 2013
206Pb-238U 4.918 0.134 Zhou et al. 2013
206Pb-238U 4.715 0.161 Zhou et al. 2013
206Pb-238U 5.067 0.124 Zhou et al. 2013
206Pb-238U 5.079 0.155 Zhou et al. 2013
206Pb-238U 4.648 0.151 Zhou et al. 2013
206Pb-238U 5.035 0.129 Zhou et al. 2013
206Pb-238U 5.203 0.14 Zhou et al. 2013
206Pb-238U 5.06 0.101 Zhou et al. 2013
206Pb-238U 5.073 0.093 Zhou et al. 2013
206Pb-238U 4.643 0.138 Zhou et al. 2013
206Pb-238U 4.905 0.094 Zhou et al. 2013
206Pb-238U 5.461 0.105 Zhou et al. 2013
206Pb-238U 4.782 0.11 Zhou et al. 2013
206Pb-238U 4.701 0.111 Zhou et al. 2013
206Pb-238U 4.887 0.125 Zhou et al. 2013
206Pb-238U 5.8 0.352 Zhou et al. 2013
206Pb-238U 5.126 0.367 Zhou et al. 2013
Al-Mg 4.5645 0.0004 Schiller, Baker, and Bizzarro 2010
Pu-Xe 4.551 0.015
Pu-Xe 4.548 0.023 Miura et al. 1998

Moama

three extractions 
releasing 
45–78% of 39Ar

Ar-Ar 4.48 0.007 Bogard and Garrison 2003

°C Ar-Ar 0.866 0.07 Bogard and Garrison 2003 extraction age
°C Ar-Ar 1.441 0.073 Bogard and Garrison 2003 extraction age
°C Ar-Ar 1.439 0.052 Bogard and Garrison 2003 extraction age
°C Ar-Ar 2.213 0.015 Bogard and Garrison 2003 extraction age
°C Ar-Ar 2.865 0.017 Bogard and Garrison 2003 extraction age
°C Ar-Ar 3.743 0.01 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.167 0.01 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.345 0.011 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.396 0.012 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.426 0.012 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.473 0.012 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.484 0.012 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.483 0.011 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.447 0.009 Bogard and Garrison 2003 extraction age
°C Ar-Ar 4.363 0.011 Bogard and Garrison 2003 extraction age

sample at 1025°C Ar-Ar 4.181 0.012 Bogard and Garrison 2003 extraction age
sample at 1100°C Ar-Ar 4.217 0.018 Bogard and Garrison 2003 extraction age
sample at 1200°C Ar-Ar 4.133 0.042 Bogard and Garrison 2003 extraction age
sample at 1350°C Ar-Ar 4.294 0.107 Bogard and Garrison 2003 extraction age
sample at 1600°C Ar-Ar 4.209 0.188 Bogard and Garrison 2003 extraction age
Moore County
whole-rock K-Ar 3.5

K-Ar 4.46
45–100% 
extractions Ar-Ar 4.25 0.03 Bogard and Garrison 2003

350°C Ar-Ar 6.742 0.02 Bogard and Garrison 2003 age
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Sample Method Date Error 
+/- Note Source Type

425°C Ar-Ar 4.542 0.3 Bogard and Garrison 2003 age

500°C Ar-Ar 2.102 0.315 Bogard and Garrison 2003 age

550°C Ar-Ar 1.827 0.348 Bogard and Garrison 2003 age

625°C Ar-Ar 3.21 0.074 Bogard and Garrison 2003 age

700°C Ar-Ar 3.029 0.049 Bogard and Garrison 2003 age

750°C Ar-Ar 4.083 0.03 Bogard and Garrison 2003 age

800°C Ar-Ar 4.196 0.016 Bogard and Garrison 2003 age

830°C Ar-Ar 4.23 0.015 Bogard and Garrison 2003 age

852°C Ar-Ar 4.217 0.018 Bogard and Garrison 2003 age

875°C Ar-Ar 4.223 0.014 Bogard and Garrison 2003 age

895°C Ar-Ar 4.197 0.015 Bogard and Garrison 2003 age

920°C Ar-Ar 4.215 0.014 Bogard and Garrison 2003 age

950°C Ar-Ar 4.204 0.014 Bogard and Garrison 2003 age

975°C Ar-Ar 4.231 0.008 Bogard and Garrison 2003 age

1000°C Ar-Ar 4.25 0.008 Bogard and Garrison 2003 age

1025°C Ar-Ar 4.245 0.007 Bogard and Garrison 2003 age

1050°C Ar-Ar 4.218 0.008 Bogard and Garrison 2003 age

1100°C Ar-Ar 4.22 0.009 Bogard and Garrison 2003 age

1150°C Ar-Ar 4.189 0.01 Bogard and Garrison 2003 age

1155°C Ar-Ar 4.157 0.04 Bogard and Garrison 2003 age

1225°C Ar-Ar 4.117 0.03 Bogard and Garrison 2003 age

1325°C Ar-Ar 4.229 0.017 Bogard and Garrison 2003 age

1425°C Ar-Ar 4.267 0.008 Bogard and Garrison 2003 age

1500°C Ar-Ar 4.255 0.018 Bogard and Garrison 2003 age

1600°C
Ar-Ar 4.272 0.61 Bogard and Garrison 2003 age
Pu-Xe 4.548

Pasamonte
whole rock K-Ar 3.5

high 

based on 
last fraction 
extracted

K-Ar 4.51 0.065 Podosek and Huneke 1973

545°C extraction K-Ar 3.595 0.062 Podosek and Huneke 1973
630°C extraction K-Ar 3.902 0.02 Podosek and Huneke 1973
745°C extraction K-Ar 4.066 0.005 Podosek and Huneke 1973
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Sample Method Date Error 
+/- Note Source Type

850°C extraction K-Ar 4.069 0.004 Podosek and Huneke 1973
935°C extraction K-Ar 4.132 0.006 Podosek and Huneke 1973
1040°C extraction K-Ar 4.119 0.006 Podosek and Huneke 1973
1195°C extraction K-Ar 4.364 0.009 Podosek and Huneke 1973
1515°C extraction K-Ar 4.511 0.015 Podosek and Huneke 1973

age, based on 

extracted

Ar-Ar 4.15 0.3 Podosek  and Huneke 1973

Ar-Ar 4 0.05 Kunz et al. 1995 age
high 

75% gas loss
Ar-Ar 4.4 0.1 Kunz et al. 1995 age

Ar-Ar 3.9 0.1 Kunz et al. 1995

90% gas loss
Ar-Ar 4.4 0.1 Kunz et al. 1995

Ar-Ar 4.1 0.05 Kunz et al. 1995

70% gas loss
Ar-Ar 4.4 0.1 Kunz et al. 1995

300°C Ar-Ar 7.79 2.455 Kunz et al. 1995 extraction age
400°C Ar-Ar 6.836 0.202 Kunz et al. 1995 extraction age
470°C Ar-Ar 4.447 0.05 Kunz et al. 1995 extraction age
540°C Ar-Ar 4.065 0.034 Kunz et al. 1995 extraction age
600°C Ar-Ar 4.163 0.02 Kunz et al. 1995 extraction age
630°C Ar-Ar 4.241 0.022 Kunz et al. 1995 extraction age
670°C Ar-Ar 3.803 0.015 Kunz et al. 1995 extraction age
700°C Ar-Ar 3.898 0.013 Kunz et al. 1995 extraction age
730°C Ar-Ar 3.875 0.013 Kunz et al. 1995 extraction age
760°C Ar-Ar 3.921 0.014 Kunz et al. 1995 extraction age
790°C Ar-Ar 3.921 0.01 Kunz et al. 1995 extraction age
810°C Ar-Ar 3.938 0.009 Kunz et al. 1995 extraction age
830°C Ar-Ar 3.996 0.01 Kunz et al. 1995 extraction age
850°C Ar-Ar 3.989 0.014 Kunz et al. 1995 extraction age
880°C Ar-Ar 4.02 0.016 Kunz et al. 1995 extraction age
910°C Ar-Ar 4.024 0.011 Kunz et al. 1995 extraction age
940°C Ar-Ar 4.041 0.013 Kunz et al. 1995 extraction age
980°C Ar-Ar 4.08 0.016 Kunz et al. 1995 extraction age
1020°C Ar-Ar 4.162 0.026 Kunz et al. 1995 extraction age
1070°C Ar-Ar 4.184 0.019 Kunz et al. 1995 extraction age
1120°C Ar-Ar 4.21 0.027 Kunz et al. 1995 extraction age
1160°C Ar-Ar 4.314 0.048 Kunz et al. 1995 extraction age
1200°C Ar-Ar 4.325 0.041 Kunz et al. 1995 extraction age
1240°C Ar-Ar 4.438 0.069 Kunz et al. 1995 extraction age
1340°C Ar-Ar 4.348 0.029 Kunz et al. 1995 extraction age
1440°C Ar-Ar 4.397 0.015 Kunz et al. 1995 extraction age
1580°C Ar-Ar 4.443 0.072 Kunz et al. 1995 extraction age
300°C Ar-Ar 6.458 0.655 Kunz et al. 1995 extraction age
350°C Ar-Ar 5.442 0.189 Kunz et al. 1995 extraction age
400°C Ar-Ar 4.402 0.073 Kunz et al. 1995 extraction age
450°C Ar-Ar 4.189 0.032 Kunz et al. 1995 extraction age
500°C Ar-Ar 4.331 0.019 Kunz et al. 1995 extraction age
550°C Ar-Ar 4.487 0.013 Kunz et al. 1995 extraction age
600°C Ar-Ar 4.209 0.005 Kunz et al. 1995 extraction age
640°C Ar-Ar 4.1 0.004 Kunz et al. 1995 extraction age
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Sample Method Date Error 
+/- Note Source Type

680°C Ar-Ar 4.1 0.004 Kunz et al. 1995 extraction age
700°C Ar-Ar 4.105 0.005 Kunz et al. 1995 extraction age
720°C Ar-Ar 4.13 0.004 Kunz et al. 1995 extraction age
740°C Ar-Ar 4.14 0.005 Kunz et al. 1995 extraction age
760°C Ar-Ar 4.148 0.004 Kunz et al. 1995 extraction age
780°C Ar-Ar 4.176 0.006 Kunz et al. 1995 extraction age
800°C Ar-Ar 4.195 0.004 Kunz et al. 1995 extraction age
820°C Ar-Ar 4.203 0.006 Kunz et al. 1995 extraction age
840°C Ar-Ar 4.218 0.006 Kunz et al. 1995 extraction age
860°C Ar-Ar 4.24 0.005 Kunz et al. 1995 extraction age
890°C Ar-Ar 4.241 0.006 Kunz et al. 1995 extraction age
920°C Ar-Ar 4.217 0.006 Kunz et al. 1995 extraction age
950°C Ar-Ar 4.223 0.008 Kunz et al. 1995 extraction age
990°C Ar-Ar 4.305 0.009 Kunz et al. 1995 extraction age
1030°C Ar-Ar 4.357 0.011 Kunz et al. 1995 extraction age
1080°C Ar-Ar 4.381 0.014 Kunz et al. 1995 extraction age
1150°C Ar-Ar 4.436 0.006 Kunz et al. 1995 extraction age
1230°C Ar-Ar 4.483 0.007 Kunz et al. 1995 extraction age
1270°C Ar-Ar 4.567 0.066 Kunz et al. 1995 extraction age
1310°C Ar-Ar 5.407 0.341 Kunz et al. 1995 extraction age
1380°C Ar-Ar 4.666 0.222 Kunz et al. 1995 extraction age
300°C Ar-Ar 6.191 0.948 Kunz et al. 1995 extraction age
450°C Ar-Ar 6.099 0.169 Kunz et al. 1995 extraction age
530°C Ar-Ar 4.637 0.121 Kunz et al. 1995 extraction age
600°C Ar-Ar 4.477 0.077 Kunz et al. 1995 extraction age
670°C Ar-Ar 4.698 0.031 Kunz et al. 1995 extraction age
730°C Ar-Ar 4.007 0.027 Kunz et al. 1995 extraction age
790°C Ar-Ar 3.997 0.022 Kunz et al. 1995 extraction age
830°C Ar-Ar 4.076 0.021 Kunz et al. 1995 extraction age
880°C Ar-Ar 4.23 0.021 Kunz et al. 1995 extraction age
940°C Ar-Ar 4.267 0.022 Kunz et al. 1995 extraction age
1020°C Ar-Ar 4.221 0.016 Kunz et al. 1995 extraction age
1120°C Ar-Ar 4.255 0.023 Kunz et al. 1995 extraction age
1200°C Ar-Ar 4.287 0.083 Kunz et al. 1995 extraction age
1320°C Ar-Ar 4.437 0.033 Kunz et al. 1995 extraction age
1440°C Ar-Ar 4.739 0.385 Kunz et al. 1995 extraction age

Ar-Ar 4.245 0.024 Kunz et al. 1995

48% width
Ar-Ar 4 0.1 Kunz et al. 1995

35% gas loss
Ar-Ar 4.4 0.1 Kunz et al. 1995

Revised Podosek 
and Huneke 1973 
age

Ar-Ar 4.02 Quitté, Birck, and Allègre 2000

207Pb-206Pb 4.573 0.006 1977
207Pb-206Pb 4.572 0.005 1977
207Pb-206Pb 4.484 0.004 1977
207Pb-206Pb 4.454 0.01 1977
207Pb-206Pb 4.963 0.03 1977
207Pb-206Pb 4.912 0.01 1977
207Pb-206Pb 4.709 0.008 1977
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Sample Method Date Error 
+/- Note Source Type

207Pb-206Pb 4.664 0.006 1977

207Pb-206Pb 4.515 0.06 1977

207Pb-206Pb 4.454 0.019 1977

207Pb-206Pb 4.457 0.012 1977

207Pb-206Pb 4.51 0.1 1977

207Pb-206Pb 4.468 0.015 1977

207Pb-206Pb 4.44 0.023 1977

207Pb-206Pb 4.535 0.005 1977

207Pb-206Pb 4.534 0.004 1977

207Pb-206Pb 4.542 0.019 1977

207Pb-206Pb 4.534 0.02 1977

207Pb-206Pb 4.534 0.013 1977

207Pb-206Pb 4.519 0.013 1977

207Pb-206Pb 4.555 0.017 1977

207Pb-206Pb 4.52 0.004 1977

206Pb-238U 4.874 0.038 1977

206Pb-238U 4.814 0.038 1977

206Pb-238U 5.694 0.083 1977

206Pb-238U 5.597 0.092 1977

206Pb-238U 3.38 0.35 1977

206Pb-238U 5.336 0.7 1977

206Pb-238U 0.296 0.005 1977

206Pb-238U 0.277 0.003 1977

206Pb-238U 0.103 0.009 1977

206Pb-238U 0.377 0.014 1977

206Pb-238U 0.376 0.016 1977

206Pb-238U 2.953 0.3 1977

206Pb-238U 3.29 0.085 1977

206Pb-238U 3.215 0.107 1977

206Pb-238U 4.903 0.041 1977

206Pb-238U 4.907 0.041 1977
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Sample Method Date Error 
+/- Note Source Type

206Pb-238U 4.522 0.14 1977

206Pb-238U 4.5 0.15 1977

206Pb-238U 1.851 0.031 1977

206Pb-238U 1.477 0.03 1977

206Pb-238U 1.798 0.043 1977

206Pb-238U 3.39 0.027 1977

207Pb-235U 4.663 0.015 1977

207Pb-235U 4.645 0.015 1977

207Pb-235U 4.806 0.031 1977

207Pb-235U 4.784 0.044 1977

207Pb-235U 4.421 0.175 1977

207Pb-235U 5.032 0.23 1977

207Pb-235U 1.724 0.015 1977

207Pb-235U 1.644 0.011 1977

207Pb-235U 0.865 0.085 1977

207Pb-235U 1.786 0.053 1977

207Pb-235U 1.784 0.072 1977

207Pb-235U 3.955 0.195 1977

207Pb-235U 4.061 0.06 1977

207Pb-235U 4.014 0.08 1977

207Pb-235U 4.645 0.014 1977

207Pb-235U 4.646 0.016 1977

207Pb-235U 4.536 0.06 1977

207Pb-235U 4.523 0.068 1977

207Pb-235U 3.419 0.027 1977

207Pb-235U 3.161 0.036 1977

207Pb-235U 3.396 0.036 1977

207Pb-235U 4.136 0.015 1977

208Pb-232Th 4.678 0.085 1977

208Pb-232Th 14.8 0.6 1977

208Pb-232Th 9.6 1977
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Sample Method Date Error 
+/- Note Source Type

208Pb-232Th 0.295 0.03 1977

208Pb-232Th 0.57 0.2 1977

208Pb-232Th 4.922 0.5 1977

208Pb-232Th 4.16 0.25 1977

208Pb-232Th 10.7 1977

208Pb-232Th 3.597 0.099 1977

208Pb-232Th 3.549 0.16 1977

208Pb-232Th 8.627 0.35 1977
Pu-Xe 4.576 0.019

Serra De Magé
whole rock K-Ar 2.7

extractions 

uncertainties

Ar-Ar 3.386 0.007 Bogard and Garrison 2003

350°C Ar-Ar 6.1 0.114 Bogard and Garrison 2003

450°C Ar-Ar 2.548 0.191 Bogard and Garrison 2003

525°C Ar-Ar 1.231 0.25 Bogard and Garrison 2003

600°C Ar-Ar 1.77 0.122 Bogard and Garrison 2003

650°C Ar-Ar 0.499 0.199 Bogard and Garrison 2003

700°C Ar-Ar 2.779 0.18 Bogard and Garrison 2003

775°C Ar-Ar 3.112 0.093 Bogard and Garrison 2003

825°C Ar-Ar 3.316 0.033 Bogard and Garrison 2003

875°C Ar-Ar 3.387 0.037 Bogard and Garrison 2003

925°C Ar-Ar 3.372 0.045 Bogard and Garrison 2003

975°C Ar-Ar 3.388 0.06 Bogard and Garrison 2003

1025°C Ar-Ar 3.395 0.041 Bogard and Garrison 2003

1075°C Ar-Ar 3.461 0.045 Bogard and Garrison 2003

1125°C Ar-Ar 3.511 0.037 Bogard and Garrison 2003

1175°C Ar-Ar 3.619 0.048 Bogard and Garrison 2003

1225°C Ar-Ar 3.528 0.103 Bogard and Garrison 2003

1275°C Ar-Ar 3.585 0.158 Bogard and Garrison 2003

1325°C Ar-Ar 3.689 0.193 Bogard and Garrison 2003

1400°C Ar-Ar 3.783 0.053 Bogard and Garrison 2003
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Sample Method Date Error 
+/- Note Source Type

1500°C Ar-Ar 3.91 0.028 Bogard and Garrison 2003

Stannern
whole-rock K-Ar 3.8

545°C K-Ar 3.86 0.028 Podosek and Huneke 1973
630°C K-Ar 3.837 0.008 Podosek and Huneke 1973
745°C K-Ar 3.704 0.003 Podosek and Huneke 1973
850°C K-Ar 3.472 0.002 Podosek and Huneke 1973
935°C K-Ar 3.514 0.007 Podosek and Huneke 1973
1040°C K-Ar 3.64 0.003 Podosek and Huneke 1973
1195°C K-Ar 3.591 0.003 Podosek and Huneke 1973

1515°C

K-Ar 3.923 0.006 Podosek and Huneke 1973

K-Ar 3.57 literature

Ar-Ar 3.7 0.2

based on nine 
extractions Podosek and Huneke 1973

Ar-Ar 3.3 0.3 Kunz et al. 1995

three 

80% gas loss

Ar-Ar 4 0.2 Kunz et al. 1995

drill core 1, 
basalt clast, 
300°C

Ar-Ar 6.313 0.181 Kunz et al. 1995 age

350°C Ar-Ar 3.632 0.028 Kunz et al. 1995 age

400°C Ar-Ar 3.09 0.014 Kunz et al. 1995 age

450°C Ar-Ar 3.564 0.008 Kunz et al. 1995 age

500°C Ar-Ar 3.687 0.005 Kunz et al. 1995 age

550°C Ar-Ar 3.679 0.005 Kunz et al. 1995 age

580°C Ar-Ar 3.636 0.004 Kunz et al. 1995 age

600°C Ar-Ar 3.523 0.005 Kunz et al. 1995 age

620°C Ar-Ar 3.48 0.007 Kunz et al. 1995 age

640°C Ar-Ar 3.392 0.005 Kunz et al. 1995 age

670°C Ar-Ar 3.408 0.005 Kunz et al. 1995 age

690°C Ar-Ar 3.471 0.006 Kunz et al. 1995 age

710°C Ar-Ar 3.511 0.005 Kunz et al. 1995 age

740°C Ar-Ar 3.543 0.005 Kunz et al. 1995 age

770°C Ar-Ar 3.58 0.006 Kunz et al. 1995 age

810°C Ar-Ar 3.597 0.006 Kunz et al. 1995 age

850°C Ar-Ar 3.595 0.006 Kunz et al. 1995 age

890°C Ar-Ar 3.57 0.006 Kunz et al. 1995 age
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Sample Method Date Error 
+/- Note Source Type

930°C Ar-Ar 3.537 0.006 Kunz et al. 1995 age

970°C Ar-Ar 3.478 0.007 Kunz et al. 1995 age

1020°C Ar-Ar 3.298 0.007 Kunz et al. 1995 age

1070°C Ar-Ar 3.474 0.012 Kunz et al. 1995 age

1120°C Ar-Ar 3.785 0.017 Kunz et al. 1995 age

1170°C Ar-Ar 4.003 0.013 Kunz et al. 1995 age

1220°C Ar-Ar 4.141 0.024 Kunz et al. 1995 age

1270°C Ar-Ar 4.229 0.026 Kunz et al. 1995 age

1330°C Ar-Ar 4.338 0.069 Kunz et al. 1995 age

1400°C Ar-Ar 4.247 0.049 Kunz et al. 1995 age
drill core 2, 
recrystallized 

300°C

Ar-Ar 4.76 0.601 Kunz et al. 1995 age

350°C Ar-Ar 3.672 0.069 Kunz et al. 1995 age

400°C Ar-Ar 3.238 0.022 Kunz et al. 1995 age

450°C Ar-Ar 3.588 0.011 Kunz et al. 1995 age

500°C Ar-Ar 3.747 0.009 Kunz et al. 1995 age

540°C Ar-Ar 3.715 0.008 Kunz et al. 1995 age

580°C Ar-Ar 3.88 0.006 Kunz et al. 1995 age

600°C Ar-Ar 3.596 0.01 Kunz et al. 1995 age

620°C Ar-Ar 3.5 0.005 Kunz et al. 1995 age

640°C Ar-Ar 3.405 0.007 Kunz et al. 1995 age

670°C Ar-Ar 3.402 0.007 Kunz et al. 1995 age

690°C Ar-Ar 3.448 0.007 Kunz et al. 1995 age

710°C Ar-Ar 3.5 0.008 Kunz et al. 1995 age

740°C Ar-Ar 3.543 0.009 Kunz et al. 1995 age

770°C Ar-Ar 3.558 0.01 Kunz et al. 1995 age

810°C Ar-Ar 3.545 0.01 Kunz et al. 1995 age

850°C Ar-Ar 3.487 0.011 Kunz et al. 1995 age

890°C Ar-Ar 3.432 0.013 Kunz et al. 1995 age

930°C Ar-Ar 3.382 0.012 Kunz et al. 1995 age

970°C Ar-Ar 3.282 0.014 Kunz et al. 1995 age



565Radioisotope Dating of Meteorites: III. The Eucrites (Basaltic Achondrites)

Sample Method Date Error 
+/- Note Source Type

1020°C Ar-Ar 3.095 0.014 Kunz et al. 1995 age

1070°C Ar-Ar 3.146 0.027 Kunz et al. 1995 age

1120°C Ar-Ar 3.492 0.05 Kunz et al. 1995 age

1170°C Ar-Ar 3.735 0.065 Kunz et al. 1995 age

1220°C Ar-Ar 4.001 0.114 Kunz et al. 1995 age

1270°C Ar-Ar 3.947 0.077 Kunz et al. 1995 age

1330°C Ar-Ar 4.122 0.126 Kunz et al. 1995 age

1400°C

Ar-Ar 3.84 0.327 Kunz et al. 1995 age
Pb-Pb 4.329 Manhès et al. 1975
Pb-Pb 4.13 Tera, Carlson, and Boctor 1987
Pu-Xe 4.46 0.028
Pu-Xe 4.434 0.013 Miura et al. 1998

Yamato 75011
whole rock K-Ar 4 0.5 Miura et al. 1993

extractions Ar-Ar 3.94 0.04 Takeda, Mori, and Bogard 1994

84 clast, 11 
extractions Ar-Ar 3.98 0.03 Takeda, Mori, and Bogard 1994

300 Ar-Ar 3.76 0.05 Takeda, Mori, and Bogard 1994 degassing age

400 Ar-Ar 3.95 0.02 Takeda, Mori, and Bogard 1994 degassing age

500 Ar-Ar 4.01 0.02 Takeda, Mori, and Bogard 1994 degassing age

600 Ar-Ar 3.96 0.02 Takeda, Mori, and Bogard 1994 degassing age

700 Ar-Ar 3.97 0.02 Takeda, Mori, and Bogard 1994 degassing age

775 Ar-Ar 3.95 0.02 Takeda, Mori, and Bogard 1994 degassing age

850 Ar-Ar 3.88 0.04 Takeda, Mori, and Bogard 1994 degassing age

950 Ar-Ar 3.91 0.02 Takeda, Mori, and Bogard 1994 degassing age

1000 Ar-Ar 3.94 0.02 Takeda, Mori, and Bogard 1994 degassing age

1050 Ar-Ar 3.97 0.02 Takeda, Mori, and Bogard 1994 degassing age

1100 Ar-Ar 3.98 0.02 Takeda, Mori, and Bogard 1994 degassing age

1150 Ar-Ar 3.98 0.02 Takeda, Mori, and Bogard 1994 degassing age

1225 Ar-Ar 4.12 0.03 Takeda, Mori, and Bogard 1994 degassing age

1350 Ar-Ar 4.35 0.03 Takeda, Mori, and Bogard 1994 degassing age

1500 Ar-Ar 4.2 0.16 Takeda, Mori, and Bogard 1994 degassing age

300 Ar-Ar 3.99 0.02 Takeda, Mori, and Bogard 1994 degassing age

400 Ar-Ar 3.69 0.03 Takeda, Mori, and Bogard 1994 degassing age
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Sample Method Date Error 
+/- Note Source Type

500 Ar-Ar 4.05 0.02 Takeda, Mori, and Bogard 1994 degassing age

575 Ar-Ar 3.83 0.06 Takeda, Mori, and Bogard 1994 degassing age

650 Ar-Ar 3.99 0.03 Takeda, Mori, and Bogard 1994 degassing age

725 Ar-Ar 4.03 0.02 Takeda, Mori, and Bogard 1994 degassing age

800 Ar-Ar 3.97 0.02 Takeda, Mori, and Bogard 1994 degassing age

850 Ar-Ar 3.98 0.02 Takeda, Mori, and Bogard 1994 degassing age

900 Ar-Ar 3.96 0.02 Takeda, Mori, and Bogard 1994 degassing age

950 Ar-Ar 3.96 0.02 Takeda, Mori, and Bogard 1994 degassing age

1000 Ar-Ar 3.99 0.02 Takeda, Mori, and Bogard 1994 degassing age

1050 Ar-Ar 4.08 0.02 Takeda, Mori, and Bogard 1994 degassing age

1100 Ar-Ar 4.15 0.02 Takeda, Mori, and Bogard 1994 degassing age

1150 Ar-Ar 4.23 0.02 Takeda, Mori, and Bogard 1994 degassing age

1225 Ar-Ar 4.36 0.03 Takeda, Mori, and Bogard 1994 degassing age

1300 Ar-Ar 4.48 0.03 Takeda, Mori, and Bogard 1994 degassing age

1500 Ar-Ar 4.5 0.02 Takeda, Mori, and Bogard 1994 degassing age

Ar-Ar 3.91 0.04 Kunz et al. 1995

90% gas 
extraction

Ar-Ar 4.4 0.1 Kunz et al. 1995

clast, low Ar-Ar 3.98 0.03 Kunz et al. 1995

clast, high 

90% gas 
extraction

Ar-Ar 4.5 0.1 Kunz et al. 1995

rock, BABI Rb-Sr 4.28 0.24

Rb-Sr 4.53 0.07

2.45–2.85 g/cu. Rb-Sr 3.91 0.4

2.85–3.3 g/cu. Rb-Sr 4.71 0.19

Rb-Sr 4.73 0.31

84B clast, whole 
rock 1, BABI Rb-Sr 4.34 0.89

84B clast, whole 
rock 3, BABI Rb-Sr 4.36 0.29

Rb-Sr 4.57 0.05

84B clast, 
2.45–2.65 g/cu. Rb-Sr 4.52 0.15
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Sample Method Date Error 
+/- Note Source Type

84B clast, 
2.65–2.85 g/cu. Rb-Sr 3.55 0.51

84B clast, Plag, 
BABI Rb-Sr 3.73 0.54

84B clast, Lt. Px, 
BABI Rb-Sr 4.11 0.11

Px, BABI Rb-Sr 4.51 0.14

Mag, BABI Rb-Sr 4.66 0.12

zircon 011-1a 207Pb-206Pb 4.551 0.008 2005

zircon 011-1b 207Pb-206Pb 4.561 0.02 2005

zircon 011-2a 207Pb-206Pb 4.552 0.01 2005

zircon 011-2b 207Pb-206Pb 4.549 0.009 2005

zircon 011-2c 207Pb-206Pb 4.543 0.013 2005

zircon 011-1a 206Pb-238U 5.04 0.078 2005

zircon 011-1b 206Pb-238U 4.816 0.079 2005

zircon 011-2a 206Pb-238U 4.548 0.047 2005

zircon 011-2b 206Pb-238U 4.842 0.073 2005

zircon 011-2c 206Pb-238U 5.07 0.064 2005

rock, chondrite 4.55 0.03

2.45–2.85 g/cu. 4.52 0.03

2.85–3.3 g/cu. 4.53 0.02

chondrite
4.51 0.02

84B clast, whole 
rock 1, chondrite 4.55 0.02

84B clast, whole 
rock 3, chondrite 4.54 0.02

84B clast, 

chondrite
4.51 0.04

84B clast, Plag, 
chondrite 4.56 0.04

84B clast, Lt. Px, 
chondrite 4.56 0.02

Px, chondrite 4.53 0.02

Mag, chondrite 4.58 0.02
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An explanation for the agreement of ages
It has already been noted above that the Mn-Cr, Hf-W, 

Al-Mg, I-Xe, and Pu-Xe methods are calibrated directly 
or via intermediaries against the Pb-Pb ages yielded 
by other meteorites, which invariably guarantees the 
ages obtained by these methods will align with, or are 

4.55–4.57 Ga to date these eucrites. Indeed, as Snelling 
(2014a, b) found, the ages of most of the 28 meteorites 
investigated so far have been established directly by  
Pb-Pb ages or indirectly by Pb-Pb calibrated ages 

Examination of the relevant literature reveals that 
the 87

2014c). Similarly, Snelling (2014d) has found that the 
176Lu decay rate has also been determined by calibrating 
Lu-Hf dates against Pb-Pb dates on the same mineral 

often agree with the meteorites’ 4.55–4.57 Ga Pb-Pb 
40K decay constant 

has been calibrated against standard samples of 

the 147Sm decay constant has been calibrated against  

 
Scheinin, and Marti 1975). 

Therefore, ultimately all other radioisotopic dating 
methods have been effectively calibrated against  

some cases on the same meteorites. These calibrations 
 

whose Pb-Pb ages have also been determined. Then 
it is assumed that the Pb-Pb ages are the most 

with the Pb-Pb ages, then the 87 176Lu half-life 

thus hardly surprising that often there is agreement 
between all the radioisotope dates yielded on the 

it is interpreted that other factors have disturbed 
the radioisotope systems which thus have yielded a 
plethora of different dates (see below). This ultimately 
means that all meteorite ages are dependent on the 
reliability of determinations of the 238U and 235U 
decay constants, and the critical 238 235U ratio. Yet 
discrepancies and variations have now been found 
between the 238 235U ratio in U-bearing earth-based 

238 235U 

estimated half-life of 238U is 4.468 Ga, which is almost 
identical to the claimed 4.55–4.57 Ga age of the earth, 
the asteroids, and the meteorites derived from them. 
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Explanations for the scattering of ages
The usual explanation for such scattering of 

isochron and model ages is the thermal disturbance 
of the isotope systems subsequent to formation of 
the parent body from which the meteorites came, 
affecting either the parent body or subsequently the 

et al. 2003). This must be especially the case where 
in this instance the scattering of ages is rife in the 

provided by the fact that these eucrites (basaltic 
achondrites) are invariably metamorphosed, because 
it is well-documented that metamorphism resets 
these radioisotope systems (Faure and Mensing 

However, not all these eucrites are metamorphosed, 

metamorphosed or unmetamorphosed, though in the 
latter the original igneous pyroxenes have exsolved 
augite lamellae as a result of some metamorphism. 
Yet in both meteorites their radioisotope systems 
have been greatly disturbed. For Pasamonte the  

 
clustering and the K-Ar, Ar-Ar, and U-Th-Pb model 
ages are widely scattered and are both younger and 

 
Pb-Pb isochron ages are younger than the 4.55–4.57 Ga  
clustering, whereas the Ar-Ar model ages are widely 
scattered and invariably grossly younger. 

Bogard and Garrison (1995, 2003, 2009) and Bogard 
(2011), suggest another explanation for the lower  
Ar-Ar model ages for many eucrites, such as for 

Stannern, and Yamato75011 in this study. Brecciated 

reset their Ar-Ar ages to between 3.1–4.1 Ga. Since 

supposedly best determined from Ar-Ar ages, Bogard 
and Garrison (2009) argued that these young Ar-Ar 
ages represent impact cratering events on the surface 
of the parent asteroid 4-Vesta. They claimed that 

ages near 4.5 Ga, whereas brecciated eucrites yield 
younger Ar-Ar ages that cluster on a probability plot 

they concluded were impact events that brecciated 
the eucrites and reset their Ar-Ar ages. However, in 
this study Ibitira, Moore County, Pasamonte, and 

younger than 4.5 Ga, some around 4.5 Ga, and quite 
a few well above 4.5 Ga.   

Nevertheless, thermal disturbances tend to reset 
the radioisotope systems so that the resultant ages are 
lower than their original ages (Lewis 1997), whereas 
for all these eucrites the radioisotope ages are both 
younger and older than the believed formation age of 
the parent body, determined as 4.55–4.57 Ga from the 
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clustering of all the radioisotope systems at that age. 
So perhaps there might be an additional explanation 
for the scattering of both the isochron and model ages 
for all these eucrites (basaltic achondrites).

Internal layering in parent 4-Vesta
NASA’s Dawn spacecraft mission to 4-Vesta 

investigated the asteroid’s surface during 2011–2012 

analysis and mapping (McSween et al. 2014). As a 
consequence new evidence was provided to strengthen 
considerably the connection of the HED meteorites to 
4-Vesta (McSween et al. 2013, 2014). For example, 
high-resolution visible-near infrared spectra indicated 

the HED meteorites, the mapped petrologic complexity 

the HED meteorites, and geochemical measurements 
of the regolith were similar to the compositions of 

types). These results have further strengthened 
uniformitarians’ attempts to explain the natural 
formation of 4-Vesta in the context of all other bodies 

by subsequent processes to produce its current 
internal structure and its surface features. 

3 3), 4-Vesta was 
once called the smallest terrestrial planet (McSween 
et al. 2014). It is believed by uniformitarians to 

be an intact example of a large, differentiated 

nebula, and based on analyses of the HED meteorites 
is postulated to have a basaltic upper crust (as 
represented by the noncumulate basaltic eucrites) 
that overlies a cumulate eucrite mid-crust layer 
and then a diogenite lower crust, with a depleted 
peridotitic (harzburgite) mantle beneath and then 

Zuber et al. 2011). Petrological analyses of eucrites 
coupled with thermal evolution modeling has led to 
the proposal of two possible mechanisms of silicate-
metal differentiation leading to the formation of the 
basaltic achondrites of Vesta’s crust—the earlier 
model of equilibrium partial melting (Stolper 1977), 
or the later now popular model of crystallization of 
residual liquids (eucrites) and cumulates (diogenites) 
from a postulated cooling magma ocean (Mandler 

For a body the size of 4-Vesta it is postulated that 

have erupted episodically from these chambers. 
Geochemical trends in basaltic eucrites (the main 
group trend and the Stannern trend) would seem 
to require multiple magmas and complex processes 
within this asteroid’s crust (Barrat et al. 2007).

Thus a complex history for 4-Vesta has been 
elucidated by uniformitarians using the range of 
ages obtained for the HED meteorites yielded by the 
various radioisotope dating techniques. They even 
postulate that the differentiation of the crust and 
mantle occurred close to 4.56 Ga within 1–3 Myr of 

Pb-Pb isochron age of the CAIs in chondrites, along 
with core formation by silicate-metal fractionation 
at the same time or soon thereafter (McSween et 
al. 2011, 2014). The earliest magmatic activity 
supposedly occurred at ~5 Myr after formation of 
the solar system, and then persisted perhaps for as 
much as ~50–150 Myr. Then in common with other 
bodies in the solar system, in the period from 4.1 Ga 
to 3.5 Ga often called the “late heavy bombardment” 

A biblical perspective
Any such postulated history for the formation 

of the asteroid 4-Vesta, and of course for the solar 
system itself, is completely invalidated by the divinely 
provided biblical account of the six normal days of 

One God ex nihilo created the earth (Genesis 1:1),  

Fig. 8. Probability plot of 40Ar-39Ar ages of unbrecciated 

and Garrison (1995, 2003, 2009), after Bogard (2011) 

asteroid 4-Vesta.
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moon to provide light on the earth during the day 
and night respectively (Genesis 1:14–16). We are 

stars also on that day, and lights were placed in the 
expanse of the heavens to be for signs and seasons. 
From this description it is not unreasonable to 
conclude that the rest of the solar system was made 
on Day Four, including the asteroids. Furthermore, 
each entity God created and made during these 

exceedingly rapidly within the time and space of 
each normal day, so by the end of Day Four asteroid 
4-Vesta was a completely formed entity, with an 

the necessary silicate-metal fractionation and crust-
mantle differentiation happening exceedingly rapidly 
within hours, and thus not requiring the millions of 
years postulated by uniformitarians.

Given the general consensus that the asteroids 
consist of leftover material from the formation of the 
solar system, Snelling (2014a, b) proposed that the 
accepted coincident 4.55–4.57 Ga ages for the earth 
and many meteorites could be due to the earth and 
the parent asteroids having been created by God from 
the same primordial material, which He had created 

2013). The simplest unifying assumption would 
therefore be that all such primordial material may 
have had the same created isotopic endowment. 
This assumption seems to be borne out by the earth 
apparently having the same time-integrated Pb 
isotopic endowment and thus being the same Pb-Pb  
“age” as the meteorites plotted on the geochron 
(Patterson 1956). The earth’s current Pb isotopic 
endowment was represented on that geochron by the 
Pb isotopic composition of a modern oceanic sediment 
sample, which would appear to contain the time-
integrated Pb isotopic endowment from the earth’s 
beginning which was then processed through the 

while the possibility that the created initial ratios 
of parent to daughter elements were different for 
the earth compared to those created for other solar 

seems unwarranted if God made all the solar system 

primordial material He had created on Day One, 
which is consistent with them all having a common 
Designer. Nevertheless, if there were created 
differences in the initial Pb isotopic ratios, then it 
should not have been possible to plot the meteorites 
and the earth on the same Pb-Pb geochron, or 

It would also seem reasonable to propose that God 
created some of all the isotopes at the beginning in 
the primordial material, including isotopes that 
subsequently also formed by radioisotope decay as 
daughter isotopes from parent isotopes, regardless 
of when radioisotope decay started. In other words, 
when God made the primordial material He included 
in it 206Pb, 207Pb, and 208Pb atoms along with 238U, 235U, 
and 232Th atoms. It is reasonable to posit that He did, 
given that when created the “primordial material” 

initial material of the solar system had the “primeval” 
Pb isotopic ratios as measured in the troilite (iron 

and Mensing 2005). This is consistent with God 

Him creating fruit trees already bearing fruit in fully-
functioning soil on land, all during Day Three, and 
the sun, moon, asteroids, and stars fully-functioning 
in their ordained positions and roles on Day Four. 
Thus when by the end of Day Four the asteroid 
4-Vesta had been formed, all the necessary silicate-
metal fractionation and crust-mantle differentiation 
of that primordial material to produce its internal 
layering had happened exceedingly rapidly within 
hours. That silicate-metal fractionation and crust-
mantle differentiation may have also resulted 
in some redistribution or mixing of parent and 
daughter atoms, the latter having been originally 
created rather than derived via radioactive decay. 
These processes may explain some of the scattering 
in the radioisotope ages for these eucrite meteorites, 
especially those older than the 4.55–4.57 Ga  
clustering.

At what point in time radioactive decay began is 
unclear from Scripture, and is still a matter of debate 

the possibility of a large amount of accelerated decay 

decay was not regarded as decay in the sense of 
deterioration of matter (Vardiman, Snelling, and 

by which one element is changed into another. The 
daughter element is certainly not inferior to the 
parent element. However, it is the radiation given off 
which is harmful that causes concern as to whether 
the radioisotope decay processes meet the standard 
of God’s declaration of His completed creation being 
“very good” (Genesis 1:31). 

In the context of the decay evident today due to 
the operation of the second law of thermodynamics, 
Anderson (2103) contended that there is no real 
biblical evidence to suggest that the second law 
was inoperable prior to the curse, and so argued 
that rather the second law was in effect from the 
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beginning of creation. He thus also suggested that 
the tendency toward entropy implicit in the second 

declaration that the creation was “very good,” or that 
eventuated in the death of any sentient creature. On 
the other hand, it could be argued that radioisotope 
decay is more than the operation of the second law 

the radiation produced which is harmful to life’s 

of years of accelerated radioisotope decay had 
occurred mainly during the early part of the Creation 

enormous burst of radiation would surely have been 
detrimental to all life on the earth, for example, the 
plants of Day Three. It is for this reason that many 
creationists are not comfortable with postulating that 
accelerated radioisotope decay happened during the 

decay at all until it was started as part of the curse.

ages in these 12 basaltic achondrite meteorites 
(eucrites), as well as in the 16 chondrite meteorites 
previously studied (Snelling 2014a, b), that matches 

therefore strongly suggest that all these meteorites 
and their parent asteroids have not experienced any 
episode of accelerated radioisotope decay, either at 
the time of the creation of the primordial material on 
Day One or of their formation on Day Four, or since. 

radioisotope decay occurred anywhere in the solar 

earth during Days One–Three. Such a conclusion 
is based on the assumption that the mechanism of 
small changes to the binding forces in the nuclei 
of the parent radioisotopes proposed as the cause 
of a past episode of accelerated radioisotope decay 

by logical extension every atom of the universe at 
the same time, because God appears to have created 
the physical laws governing the universe to operate 
consistently through time and space. 

On the other hand, if this assumption is true, and 

maintaining the universe after He created it, then 
why is there evidence of an episode of accelerated 
radioisotope decay in the earth, but not in this 
asteroid and its meteorite fragments? The answer 
would seem to be that the accelerated radioisotope 
decay only occurred during the catastrophic global 
Flood event on the earth and that the asteroid 4-Vesta 
was not similarly affected. However, if the earth’s 

atoms were affected by accelerated radioisotope 
decay during the Flood, then surely every other atom 
in the universe would have been similarly affected.  
However, God is not bound by the physical laws He 
put in place at creation, as He can change them at 
any time anywhere or everywhere. After all, when 

Sea of Galilee, the law of gravity was still operating 

their boat on the water and the earth in space in orbit 
around the sun. Thus God could have made small 
changes to the binding forces of the nuclei of only the 
earth’s atoms during the Flood to cause accelerated 
radioisotope decay only on the earth, while leaving 

and universe untouched. Perhaps the reason God 
initiated accelerated radioisotope decay only on the 
earth was to generate the heat necessary to initiate 
and drive the catastrophic plate tectonics which 
reshaped the earth’s surface during the Flood.

Another reason for arguing that accelerated 

the physical evidence of only 500–600 million years’ 
worth of radioisotope decay (as calculated using 
today’s measured decay rates), which equates to 
the same time period postulated by uniformitarians 
during which the geologic record of the Flood 
accumulated (Snelling 2009). This physical evidence 

Each fully-formed U radiohalo, no matter where in 
the geologic record it occurs or the supposed age of 

worth of U decay, so even if it is in a Precambrian (pre-

up to 100 million or so years’ worth of U decay that 
occurred during the Flood, at the same time as new 
granites containing U radiohalos were forming in 
plutons which had intruded into fossil-bearing (and 
therefore Flood-deposited) sedimentary strata. On 
the other hand, up to 600 or so million years’ worth 

the radioisotope ages of those same zircon grains at 
the base of the strata record of the Flood (Snelling 
2005b).

This still does not fully explain why there is such 
a spread of radioisotope “ages” from 4.03 Ga to the 

Australia) are 4.03 Ga and 4.4 Ga respectively rather 
than 4.56 Ga, the supposed age of the earth. The 
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the processes of mixing of isotopes and re-setting of 

the Day Three “Great Upheaval” when God formed 
the dry land, and then further suffered from mixing 

in the mantle and crust as a consequence of the 
catastrophic plate tectonics during the Flood, as well 
as the concurrent accelerated radioisotope decay. 

By comparison, the Day Three “Great Upheaval” 
which the Scriptures describe as occurring on the 
earth could not have affected other bodies in the solar 
system, including the asteroid 4-Vesta which is the 

these other bodies were not created until Day Four. 
Thus we can be dogmatic that this event was earth-

crust and the dry land on the earth in readiness for 
the subsequent creation of plants, birds, animals, 
and man. In any case, so far our observations of the 
surfaces of asteroids do not indicate any continental 

on Day Three. However, when they were formed 
on Day Four their formation could have included 
incredibly rapid silicate-metal fractionation and 
mantle-crust differentiation with accompanying 
redistribution of the previously created parent and 
(what uniformitarians now interpret as) daughter 
isotopes.

The scatter in the radioisotope ages of the 28 
meteorites studied thus far would then be due to 
processes subsequent to the initial creation of the 
parent asteroids from the primordial material on 

initial fractionation and differentiation, heating 
due to impact cratering, impact disintegration and 
re-coalescing of the asteroids, space weathering, 
and heating on passage of the meteorites through 

2002). 

Where to from here?
As concluded by Snelling (2014a, b) from his studies 

of 16 chondrite meteorites, based on the assumptions 
made the 4.55–4.57 Ga radioisotope “ages” for the 

basaltic achondrite meteorites (eucrites) obtained 
primarily by Pb-Pb radioisotope isochron and model 
age dating of various constituent minerals and 

The assumptions on which the radioisotope dating 
methods are based are simply unprovable, and in 
the light of the possibility of an inherited primordial 
geochemical signature, subsequent resetting of 

accelerated radioisotope decay, mixing of isotopes and 

are unreasonable.
However, we still need to develop a coherent 

and comprehensive explanation of what these 
radioisotope compositions in both meteorites and 

earth and universe history. We have some possible 
clues already, as discussed here, and a clearer picture 
may yet emerge from continued investigations now in 
progress. Examination of the radioisotope dating data 
for the remaining groups of achondrite meteorites is 
necessary to complete our understanding of what the 
meteorite radioisotope “ages” might mean. If only 
the earth was affected by accelerated radioisotope 
decay during the Flood, then it is also necessary 
to examine the radioisotope dating data for lunar 

by that aspect of the Flood catastrophe or not. 
Additionally, the radioisotope dating data for many 

need to be collated and examined. If accelerated 
radioisotope decay only occurred during the Flood, 
then it might be expected that the radioisotope 
“ages” of pre-Flood (mostly Precambrian) strata 
determined by the different methods would be 
noticeably discordant (Snelling 2005c), whereas 
the radioisotope “ages” of the strata formed during 
the Flood (mostly Phanerozoic) would be mostly 
concordant. This difference might be expected due to 

of the accelerated radioisotope decay during the 

been speeded up by different amounts according 
to the atomic weights of the parent radioisotopes. 

accelerated radioisotope decay of the Flood event. It 

radioisotope dating data sets of as many different 

Whatever the radioisotope dating data for the 

that there are so many problems with the radioisotope 
dating methods which render them totally unreliable 
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in the earth’s history. Indeed, the investigations of 
determinations of the decay constants of each of the 
parent radioisotopes needs to be completed to provide 
further documentation of the uncertainties in that 

of these eucrites (basaltic achondrite meteorites) 
yield a consistent Pb-Pb isochron and model age of  
4.55–4.57 Ga that cannot be their true real-time 
age, which according to the biblical paradigm is only 
about 6000 real-time years.

Conclusions
After decades of numerous careful radioisotope 

dating investigations of basaltic achondrite 
meteorites (eucrites) their Pb-Pb isochron and model 
age of 4.55–4.57 Ga has been well established. This 
date for these eucrites is supported for many of 
them by a strong clustering of their Pb-Pb isochron 
and model ages in the 4.55–4.57 Ga range, as well 

results via the U-Pb method, and to a lesser extent, 
 

Hf-W, Mn-Cr, Al-Mg, I-Xe, and Pu-Xe methods are 
all calibrated against the Pb-Pb isochron method, so 

the Pb-Pb isochron dating method stands supreme 
in the conventional evolutionary uniformitarian 
community as the ultimate, most precise tool for 
determining the ages of the basaltic achondrite 
meteorites.

There are no discernible patterns in the isochron 
and model ages for these eucrites, apart from 

Pb-Pb isochron ages, and the considerable scatter 

some Pb-Pb model ages. These basaltic achondrite 
ages do not follow the systematic pattern found in 

always older according to the increasing heaviness 
of the atomic weights of the parent radioisotopes, or 
the increasing lengths of their half-lives. Thus there 
appears to be no consistent evidence in these basaltic 
achondrite meteorites similar to the evidence found 

Any explanation for the 4.55–4.57 Ga age for these 
basaltic achondrite meteorites needs to consider 
their origin. These meteorites are regarded as 
fragments of the asteroid 4-Vesta, debris derived 
from impact cratering of its surface and collisions 
with other asteroids. Even in the naturalistic 
paradigm the asteroids, and thus the meteorites, are 
regarded as “primordial material” left over from the 
formation of the solar system. Similarly, it has been 

suggested the Hebrew of the Genesis text allows 
for God to have made “primordial material” on Day 

earth on Day One and the non-earth portion of the 
solar system on Day Four. Thus today’s measured 
radioisotope compositions of these eucrites may 

material,” which included atoms of all elemental 
isotopes created by God. Therefore if some, or perhaps 
most, of the daughter isotopes were thus “inherited” 
by these basaltic achondrite meteorites when they 
were formed from that “primordial material,” and 
the parent isotopes in the meteorites have only been 

(and none at accelerated rates), then the 4.55–4.57 Ga  
Pb-Pb isochron “age” for these eucrites cannot be 
their true real-time age, which according to the 
biblical paradigm is only about 6000 real-time years. 

However, these conclusions and suggested 
explanations as discussed are still only tentative, 

examination of more radioisotope dating data from 
meteorites in remaining groups. Furthermore, 
further extensive studies of the radioisotope dating 

geologic record are required to attempt to systematize 
what proportions of the isotopes in each radioisotope 
dating system measured today are due to inheritance 
from the “primordial material,” past accelerated 
radioisotope decay, and mixing, additions, and 
subtractions in the earth’s mantle and crust through 
earth history, particularly during the Day Three 
Upheaval and then subsequently during the Flood. 
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